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1
USE OF BENZOXABOROLES AS VOLATILE
ANTIMICROBIAL AGENTS ON MEATS,
PLANTS, OR PLANT PARTS

CROSS-REFERENCE

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/167,093, filed Jan. 29, 2014, and claims the
benefit of U.S. provisional patent application No. 61/758,
313 filed Jan. 30, 2013, each of which is incorporated by
reference herein in its entirety.

BACKGROUND OF THE INVENTION

A number of compounds containing an oxaborole ring
have been disclosed previously. However, there has been no
teaching that these oxaborole compounds are volatile anti-
microbial agents. In addition, these oxaborole compounds
have not been used in agricultural applications.

Thus, there remains a need to develop new uses of various
volatile antimicrobial agents and/or combinations with a
volatile plant growth regulator, in particular for agricultural
applications.

SUMMARY OF THE INVENTION

This invention is related to the use of a volatile antimi-
crobial compound against pathogens affecting meats, plants,
or plant parts. The volatile antimicrobial compounds pro-
vided include certain oxaborole compounds, for example
benzoxaboroles. Delivery systems are provided to take
advantage of the volatile nature of these antimicrobial
compounds. Also combinations with a volatile plant growth
regulator, for example 1-methylcyclopropene (1-MCP), are
disclosed.

In one aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound having a structure of for-
mula (1), (II), or (III):
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2

wherein ql and q2 are independently 1, 2, or 3;

q3=0, 1, 2, 3, or 4;

M is hydrogen, halogen, —OCH,, or
CH,—0O—CHs;

M is halogen, —CH,OH, or —OCHs,;

X is O, S, or NR'?, wherein R'¢
alkyl, or unsubstituted alkyl;

R',R'¢ R'’, R? and R® are independently hydrogen, OH,
NH,, SH, CN, NO,, SO,, OSO,0H, OSO,NH,, substituted
or unsubstituted cycloalkyl, substituted or unsubstituted

heterocycloalkyl, substituted or unsubstituted aryl, or sub-
stituted or unsubstituted heteroaryl;

—CH,—O—

is hydrogen, substituted

R* is substituted or unsubstituted aryl, substituted or
unsubstituted arylalkyl, substituted or unsubstituted het-
eroaryl, substituted or unsubstituted heteroarylalkyl, or sub-
stituted or unsubstituted vinyl;

with a proviso that when M is F, R* is not a member

selected from:

o~ ()
|/; (gs i ;

O

e}
Z

and with a proviso that when M is Cl, R* is not a member
selected from:
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cl
F
( 'S
Q; OH ; and

( &)

N 5
7 Dpd

and with a proviso that when M is hydrogen, R* is not a
member selected from:

Cl
cl
( 5
Ei;;\ﬁ OH
cl cl Cl
(Ps i HO” ; R'O” i
OH
cl oN
(1T 5 5 5
N ( 5
PN
R? R* N
7 pd
cl

i OH

wherein s=1 or 2; and R® and R* are independently methyl
or ethyl;

and with a provision that when M is OCH;, R* is not a
member selected from:
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Cl

and with a provision that when M' is F, R* is not a
member selected from:

halogen

halogen

and 5

and agriculturally acceptable salts thereof.

In one embodiment of the method provided, the pathogen
is selected from the group consisting of Alternaria spp.,
Aspergillus spp., Botryospheria spp., Botrytis spp., Bys-
sochlamys spp., Colletotrichum spp., Diplodia spp.,
Fusarium spp., Geotrichum spp., Lasiodiplodia spp., Mono-
linia spp., Mucor spp., Penicillium spp., Pezicula spp.,
Phomopsis spp., Phytophthora spp., Pythium spp., Rhizoc-
tonia spp., Rhizopus spp., Sclerotinia spp., and Venturia spp.
In another embodiment, the pathogen is selected from the
group consisting of Erwinia spp., Pectobacterium spp.,
Pseudomonas spp., Ralstonia spp., Xanthomonas spp., Sal-
monella spp., Escherichia spp., Listeria spp., Bacillus spp.,
Shigella spp., and Staphylococcus spp. In another embodi-
ment, the pathogen is selected from the group consisting of
Candida spp., Debaryomyces spp., Bacillus spp., Campy-
lobacter spp., Clostridium spp., Cryptosporidium spp.,
Giardia spp., Vibrio spp., and Yersinia spp. In another
embodiment, the method comprises a pre-harvest treatment
or post-harvest treatment. In a further embodiment, the
pre-harvest treatment is selected from the group consisting
of seed treatment and transplant treatment. In another
embodiment, the post-harvest treatment is selected from the
group consisting of treatment during field packing, treatment
during palletization, in-box treatment, treatment during
transportation, and treatment during storage and/or through-
out the distribution network.

In another embodiment, the plants or plant parts comprise
transgenic plants or transgenic plant parts. In another
embodiment, the plants or plant parts are selected from the
group consisting of corn, wheat, cotton, rice, soybean, and
canola. In another embodiment, the plants or plant parts are
selected from the group consisting of fruit, vegetables,
nursery, turf and ornamental crops. In a further embodiment,
the fruit is selected from the group consisting of banana,
pineapple, citrus including oranges, lemon, lime, grapefruit,
and other citrus, grapes, watermelon, cantaloupe, musk-
melon, and other melons, apple, peach, pear, cherry, kiwi-
fruit, mango, nectarine, guava, papaya, persimmon, pome-
granate, avocado, fig, and berries including strawberry,
blueberry, raspberry, blackberry, currants and other types of
berries. In a further embodiment, the vegetable is selected
from the group consisting of tomato, potato, sweet potato,
cassava, pepper, bell pepper, carrot, celery, squash, eggplant,
cabbage, cauliflower, broccoli, asparagus, mushroom,
onion, garlic, leek, and snap bean. A further embodiment, the
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flower or flower part is selected from the group consisting of
roses, carnations, orchids, geraniums, lily or other ornamen-
tal flowers. A further embodiment, the meat is selected from
the group of beef, bison, chicken, deer, goat, turkey, pork,
sheep, fish, shellfish, mollusks, or dry-cured meat products.

In one embodiment, the contacting comprises applying
the volatile antimicrobial compound by ways selected from
the group consisting of spray, mist, thermal or non-thermal
fogging, drench, gas treatment, and combinations thereof. In
a further embodiment, the gas treatment is selected from the
group consisting of release from a sachet, release from a
synthetic or natural film, fibrous material, and/or release
from liner or other packaging materials, release from pow-
der, release from a gas-releasing generator, release using a
compressed or non-compressed gas cylinder, release from a
droplet inside a box, and combinations thereof. In another
embodiment, the method further comprises contacting the
meats, plants, plant parts with a volatile plant growth
regulator. In a further embodiment, the volatile plant growth
regulator is a cyclopropene compound. In a further embodi-
ment, the cyclopropene compound comprises 1-methylcy-
clopropene (1-MCP).

In another aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound of formula (IV):

. vy
OR
o o
I
/
X

wherein A and D together with the carbon atoms to which
they are attached form a 5-, 6-, or 7-membered fused ring
which may be substituted by C,-C,-alkyl, C,-Cs-alkoxy,
hydroxy, halogen, nitro, nitrile, amino, amino substituted by
one or more C,-Cg-alkyl groups, carboxy, acyl, aryloxy,
carbonamido, carbonamido substituted by C,-C,-alkyl, sul-
fonamido or trifluoromethyl or the fused ring may link two
oxaborole rings;

X is a group —CR’R® wherein R’ and R® are each
independently hydrogen, C,-Cg-alkyl, nitrile, nitro, aryl,
arylalkyl or R7 and R® together with the carbon atom to
which they are attached form an alicyclic ring; and

RS is hydrogen, C,-C,-alkyl, (C,-C,4-alkyl substituted
by C,-Cs-alkoxy, C,-C-alkylthio, hydroxy, amino, amino
substituted by C,-C,s-alkyl, carboxy, aryl, aryloxy, carbo-
namido, carbonamido substituted by C,-Cg-alkyl, aryl or
arylalkyl, arylalkyl, aryl, heteroaryl, cycloalkyl, C,-C, -
alkyleneamino, C,-C,g-alkyleneamino substituted by phe-
nyl, C,-Cs-alkoxy or C,-Cg-alkylthio, carbonyl alkyle-
neamino or a radical of formula (V):

V)
v
I
/
X
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wherein A, D and X are as defined herein except for
boronophthalide;

and agriculturally acceptable salts thereof.

In one embodiment of the method provided, the pathogen
is selected from the group consisting of Alternaria spp.,
Aspergillus spp., Botryospheria spp., Botrytis spp., Bys-
sochlamys spp., Colletotrichum spp., Diplodia spp.,
Fusarium spp., Geotrichum spp., Lasiodiplodia spp., Mono-
linia spp., Mucor spp., Penicillium spp., Pezicula spp.,
Phomopsis spp., Phytophthora spp., Pythium spp., Rhizoc-
tonia spp., Rhizopus spp., Sclerotinia spp., and Venturia spp.
In another embodiment, the pathogen is selected from the
group consisting of Erwinia spp., Pectobacterium spp.,
Pseudomonas spp., Ralstonia spp., Xanthomonas spp.; Sal-
monella spp., Escherichia spp., Listeria spp., Bacillus spp.,
Shigella spp., and Staphylococcus spp. In another embodi-
ment, the pathogen is selected from the group consisting of
Candida spp., Debaryomyces spp., Bacillus spp., Campy-
lobacter spp., Clostridium spp., Cryptosporidium spp.,
Giardia spp., Vibrio spp., and Yersinia spp. In another
embodiment, the method comprises a pre-harvest treatment
or post-harvest treatment. In a further embodiment, the
pre-harvest treatment is selected from the group consisting
of seed treatment and transplant treatment. In another
embodiment, the post-harvest treatment is selected from the
group consisting of treatment during field packing, treatment
during palletization, in-box treatment, treatment during
transportation, and treatment during storage and/or through-
out the distribution network.

In another embodiment, the plants or plant parts comprise
transgenic plants or transgenic plant parts. In another
embodiment, the plants or plant parts are selected from the
group consisting of corn, wheat, cotton, rice, soybean, and
canola. In another embodiment, the plants or plant parts are
selected from the group consisting of fruit, vegetables,
nursery, turf and ornamental crops. In a further embodiment,
the fruit is selected from the group consisting of banana,
pineapple, citrus including oranges, lemon, lime, grapefruit,
and other citrus, grapes, watermelon, cantaloupe, musk-
melon, and other melons, apple, peach, pear, cherry, kiwi-
fruit, mango, nectarine, guava, papaya, persimmon, pome-
granate, avocado, fig, and berries including strawberry,
blueberry, raspberry, blackberry, currants and other types of
berries. In a further embodiment, the vegetable is selected
from the group consisting of tomato, potato, sweet potato,
cassava, pepper, bell pepper, carrot, celery, squash, eggplant,
cabbage, cauliflower, broccoli, asparagus, mushroom,
onion, garlic, leek, and snap bean. A further embodiment, the
flower or flower part is selected from the group consisting of
roses, carnations, orchids, geraniums, lily or other ornamen-
tal flowers. A further embodiment, the meat is selected from
the group of beef, bison, chicken, deer, goat, turkey, pork,
sheep, fish, shellfish, mollusks, or dry-cured meat products.

In one embodiment, the contacting comprises applying
the volatile antimicrobial compound by ways selected from
the group consisting of spray, mist, thermal or non-thermal
fogging, drench, gas treatment, and combinations thereof. In
a further embodiment, the gas treatment is selected from the
group consisting of release from a sachet, release from a
synthetic or natural film, fibrous material, and/or release
from a liner or other packaging materials, release from
powder, release from a gas-releasing generator, release using
a compressed or non-compressed gas cylinder, release from
a droplet inside a box, and combinations thereof. In another
embodiment, the method further comprises contacting the
meats, plants, or plant parts with a volatile plant growth
regulator. In a further embodiment, the volatile plant growth
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regulator is a cyclopropene compound. In a further embodi-
ment, the cyclopropene compound comprises 1-methylcy-
clopropene (1-MCP).

In another aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound of formula (VI):

VD

Y
/
= B\
R(n)—— 0
~ o~y
wherein each R is independently hydrogen, alkyl, alkene,
alkyne, haloalkyl, haloalkene, haloalkyne, alkoxy, alkene-
oxy, haloalkoxy, aryl, heteroaryl, arylalkyl, arylalkene, ary-
lalkyne, heteroarylalkyl, heteroarylalkene, heteroarylalkyne,
halogen, hydroxyl, nitrile, amine, ester, carboxylic acid,
ketone, alcohol, sulfide, sulfoxide, sulfone, sulfoximine,
sulfilimine, sulfonamide, sulfate, sulfonate, nitroalkyl,
amide, oxime, imine, hydroxylamine, hydrazine, hydrazone,
carbamate, thiocarbamate, urea, thiourea, carbonate, ary-
loxy, or heteroaryloxy;

n=1, 2, 3, or 4;

B is boron;

X=(CR,),, where m=1, 2, 3, or 4;

Y is alkyl, alkene, alkyne, haloalkyl, haloalkene,

haloalkyne, alkoxy, alkeneoxy, haloalkoxy, aryl, heteroaryl,
arylalkyl, arylalkene, arylalkyne, heteroarylalkyl, heteroary-
lalkene, heteroarylalkyne, hydroxyl, nitrile, amine, ester,
carboxylic acid, ketone, alcohol, sulfide, sulfoxide, sulfone,
sulfoximine, sulfilimine, sulfonamide, sulfate, sulfonate,
nitroalkyl, amide, oxime, imine, hydroxylamine, hydrazine,
hydrazone, carbamate, thiocarbamate, urea, thiourea, car-
bonate, aryloxy, or heteroaryloxy;

with a proviso that R is not aryloxy or heteroaryloxy when
Y is hydroxyl;

and agriculturally acceptable salts thereof.

In one embodiment, the volatile antimicrobial compound
has a structure of formula (VII):

(VID)

N
B -
/ \ +\H
R(n)—— | /O
N ¥

wherein W=(CH,), where q is 1, 2, or 3.
In another embodiment, the volatile antimicrobial com-
pound has a structure of

OH or Of.
/
B B
\
0 0
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In one embodiment of the method provided, the pathogen
is selected from the group consisting of Alternaria spp.,
Aspergillus spp., Botryospheria spp., Botrytis spp., Bys-
sochlamys spp., Colletotrichum spp., Diplodia spp.,
Fusarium spp., Geotrichum spp., Lasiodiplodia spp., Mono-
linia spp., Mucor spp., Penicillium spp., Pezicula spp.,
Phomopsis spp., Phytophthora spp., Pythium spp., Rhizoc-
tonia spp., Rhizopus spp., Sclerotinia spp., and Venturia spp.
In another embodiment, the pathogen is selected from the
group consisting of Erwinia spp., Pectobacterium spp.,
Pseudomonas spp., Ralstonia spp., Xanthomonas spp., Sal-
monella spp., Escherichia spp., Listeria spp., Bacillus spp.,
Shigella spp., and Staphylococcus spp. In another embodi-
ment, the pathogen is selected from the group consisting of
Candida spp., Debaryomyces spp., Bacillus spp., Campy-
lobacter spp., Clostridium spp., Cryptosporidium spp.,
Giardia spp., Vibrio spp., and Yersinia spp. In another
embodiment, the method comprises a pre-harvest treatment
or post-harvest treatment. In a further embodiment, the
pre-harvest treatment is selected from the group consisting
of seed treatment and transplant treatment. In another
embodiment, the post-harvest treatment is selected from the
group consisting of treatment during field packing, treatment
during palletization, in-box treatment, treatment during
transportation, and treatment during storage and/or through-
out the distribution network.

In another embodiment, the plants or plant parts comprise
transgenic plants or transgenic plant parts. In another
embodiment, the plants or plant parts are selected from the
group consisting of corn, wheat, cotton, rice, soybean, and
canola. In another embodiment, the plants or plant parts are
selected from the group consisting of fruit, vegetables,
nursery, turf and ornamental crops. In a further embodiment,
the fruit is selected from the group consisting of banana,
pineapple, citrus including oranges, lemon, lime, grapefruit,
and other citrus, grapes, watermelon, cantaloupe, musk-
melon, and other melons, apple, peach, pear, cherry, kiwi-
fruit, mango, nectarine, guava, papaya, persimmon, pome-
granate, avocado, fig, and berries including strawberry,
blueberry, raspberry, blackberry, currants and other types of
berries. In a further embodiment, the vegetable is selected
from the group consisting of tomato, potato, sweet potato,
cassava, pepper, bell pepper, carrot, celery, squash, eggplant,
cabbage, cauliflower, broccoli, asparagus, mushroom,
onion, garlic, leek, and snap bean. A further embodiment, the
flower or flower part is selected from the group consisting of
roses, carnations, orchids, geraniums, lily or other ornamen-
tal flowers. A further embodiment, the meat is selected from
the group of beef, bison, chicken, deer, goat, turkey, pork,
sheep, fish, shellfish, mollusks, or dry-cured meat products.

In one embodiment, the contacting comprises applying
the volatile antimicrobial compound by ways selected from
the group consisting of spray, mist, thermal or non-thermal
fogging, drench, gas treatment, and combinations thereof. In
a further embodiment, the gas treatment is selected from the
group consisting of release from a sachet, release from a
synthetic or natural film, fibrous material, and/or release
from liner or other packaging materials, release from pow-
der, release from a gas-releasing generator, release using a
compressed or non-compressed gas cylinder, release from a
droplet inside a box, and combinations thereof. In another
embodiment, the method further comprises contacting the
meats, plants, plant parts with a volatile plant growth
regulator. In a further embodiment, the volatile plant growth
regulator is a cyclopropene compound. In a further embodi-
ment, the cyclopropene compound comprises 1-methylcy-
clopropene (1-MCP).
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In another aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound of formula (VIII):

(VIII)

Ra /OH
™™ B
Rb—:r \o
NN

wherein R? is CN, C(O)NR°R'®, or C(O)OR'" wherein
R is hydrogen, substituted alkyl, or unsubstituted alkyl,

X is N, CH and CR?;

R” is halogen, substituted or unsubstituted alkyl, C(O)R'?,
C(O)OR'?, OR'?, NR*?R*?, wherein R®, R'°, R'?, and R**
are independently hydrogen, substituted or unsubstituted
alkyl, substituted or unsubstituted heteroalkyl, substituted or
unsubstituted cycloalkyl, substituted or unsubstituted het-
erocycloalkyl, substituted or unsubstituted aryl, or substi-
tuted or unsubstituted heteroaryl;

with a proviso that R® and R*®, together with the atoms to
which they are attached, are optionally combined to form a
4- to 8-membered substituted or unsubstituted heterocy-
cloalkyl ring;

and with a proviso that R'? and R*?, together with the
atoms to which they are attached, are optionally combined
to form a 4- to 8-membered substituted or unsubstituted
heterocycloalkyl ring;

and agriculturally acceptable salts thereof.

In one embodiment of the method provided, the pathogen
is selected from the group consisting of Alternaria spp.,
Aspergillus spp., Botryospheria spp., Botrytis spp., Bys-
sochlamys spp., Colletotrichum spp., Diplodia spp.,
Fusarium spp., Geotrichum spp., Lasiodiplodia spp., Mono-
linia spp., Mucor spp., Penicillium spp., Pezicula spp.,
Phomopsis spp., Phytophthora spp., Pythium spp., Rhizoc-
tonia spp., Rhizopus spp., Sclerotinia spp., and Venturia spp.
In another embodiment, the pathogen is selected from the
group consisting of Erwinia spp., Pectobacterium spp.,
Pseudomonas spp., Ralstonia spp., Xanthomonas spp., Sal-
monella spp., Escherichia spp., Listeria spp., Bacillus spp.,
Shigella spp., and Staphylococcus spp. In another embodi-
ment, the pathogen is selected from the group consisting of
Candida spp., Debaryomyces spp., Bacillus spp., Campy-
lobacter spp., Clostridium spp., Cryptosporidium spp.,
Giardia spp., Vibrio spp., and Yersinia spp. In another
embodiment, the method comprises a pre-harvest treatment
or post-harvest treatment. In a further embodiment, the
pre-harvest treatment is selected from the group consisting
of seed treatment and transplant treatment. In another
embodiment, the post-harvest treatment is selected from the
group consisting of treatment during field packing, treatment
during palletization, in-box treatment, treatment during
transportation, and treatment during storage and/or through-
out the distribution network.

In another embodiment, the plants or plant parts comprise
transgenic plants or transgenic plant parts. In another
embodiment, the plants or plant parts are selected from the
group consisting of corn, wheat, cotton, rice, soybean, and
canola. In another embodiment, the plants or plant parts are
selected from the group consisting of fruit, vegetables,
nursery, turf and ornamental crops. In a further embodiment,

10

15

25

40

45

50

60

10

the fruit is selected from the group consisting of banana,
pineapple, citrus including oranges, lemon, lime, grapefruit,
and other citrus, grapes, watermelon, cantaloupe, musk-
melon, and other melons, apple, peach, pear, cherry, kiwi-
fruit, mango, nectarine, guava, papaya, persimmon, pome-
granate, avocado, fig, and berries including strawberry,
blueberry, raspberry, blackberry, currants and other types of
berries. In a further embodiment, the vegetable is selected
from the group consisting of tomato, potato, sweet potato,
cassava, pepper, bell pepper, carrot, celery, squash, eggplant,
cabbage, cauliflower, broccoli, asparagus, mushroom,
onion, garlic, leek, and snap bean. A further embodiment, the
flower or flower part is selected from the group consisting of
roses, carnations, orchids, geraniums, lily or other ornamen-
tal flowers. A further embodiment, the meat is selected from
the group of beef, bison, chicken, deer, goat, turkey, pork,
sheep, fish, shellfish, mollusks, or dry-cured meat products.

In one embodiment, the contacting comprises applying
the volatile antimicrobial compound by ways selected from
the group consisting of spray, mist, thermal or non-thermal
fogging, drench, gas treatment, and combinations thereof. In
a further embodiment, the gas treatment is selected from the
group consisting of release from a sachet, release from a
synthetic or natural film, release from liner or other pack-
aging materials, release from powder, release from a gas-
releasing generator, release using a compressed or non-
compressed gas cylinder, release from a droplet inside a box,
and combinations thereof. In another embodiment, the
method further comprises contacting the meats, plants, plant
parts with a volatile plant growth regulator. In a further
embodiment, the volatile plant growth regulator is a cyclo-
propene compound. In a further embodiment, the cyclopro-
pene compound comprises 1-methylcyclopropene (1-MCP).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the chemical structure of an exemplary
Compound A of the invention.

FIG. 2 shows the chemical structure of an exemplary
Compound B of the invention.

FIG. 3 shows fourteen compounds tested in Example 2.

FIGS. 4A-4D show representative photos of exemplary in
vivo inhibition results in a green table grape inoculated with
Botrytis cinerea and treated using Compound A as described
in Example 4, where 0.04 mg of Compound A shows 100%
inhibition and 0.0024 mg of Compound A shows no inhi-
bition. FIG. 4A shows a grape sample not inoculated with
Botrytis cinerea.

FIG. 4B shows an inoculated grape sample treated with
0.04 mg of Compound A after the 14 day bioassay test
described in Example 4.

FIG. 4C shows an inoculated grape sample treated with
0.0024 mg of Compound A after the 14 day bioassay test.

FIG. 4D shows an inoculated grape sample treated with
pure acetone, including no Compound A, after the 14 day
bioassay test.

FIGS. 5A and 5B show representative photos of exem-
plary in vivo inhibition results in a strawberry inoculated
with Botrytis cinerea and treated using Compound A as
described in Example 6, where 0.125 mg of Compound A
shows 100% inhibition. FIG. 5A shows a representative
photo of exemplary in vivo inhibition of Botrytis cinerea by
avolatile application of Compound A after a 3-day treatment
at 21° C., followed by an additional 2 days at 21° C., as
described in Example 6.
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FIG. 5B shows an inoculated strawberry sample treated
with pure acetone, including no Compound A, after the
3-day treatment at 21° C., followed by an additional 2 days
at 21° C.

DETAILED DESCRIPTION OF THE
INVENTION

Unless otherwise stated, the following terms used in this
application, including the specification and claims, have the
definitions given below. It must be noted that, as used in the
specification and the appended claims, the singular forms
“a,” “an” and “the” include plural referents unless the
context clearly dictates otherwise. Definition of standard
chemistry terms may be found in reference works, including
Carey and Sundberg, Advanced Organic Chemistry 4” Ed.,
Vols. A (2000) and B (2001), Plenum Press, New York, N.Y.

As used herein, the phrase “moiety” refers to a specific
segment or functional group of a molecule. Chemical moi-
eties are often recognized chemical entities embedded in or
appended to a molecule.

As used herein, the phrases “heteroatom” and “hetero-"
refer to atoms other than carbon (C) and hydrogen (H).
Examples of heteroatoms include oxygen (O), nitrogen (N)
sulfur (S), silicon (Si), germanium (Ge), aluminum (Al) and
boron (B).

As used herein, the phrases “halo” and “halogen” are
interchangeable and refer to fluoro (—F), chloro (—Cl),
bromo (—Br), and iodo (—I).

As used herein, the phrase “alkyl” refers to an unsubsti-
tuted or substituted, hydrocarbon group and can include
straight, branched, cyclic, saturated and/or unsaturated fea-
tures. Although the alkyl moiety may be an “unsaturated
alkyl” moiety, which means that it contains at least one
alkene or alkyne moiety, typically, the alkyl moiety is a
“saturated alkyl” group, which means that it does not contain
any alkene or alkyne moieties. Likewise, although the alkyl
moiety may be cyclic, the alkyl moiety typically is acyclic
group. Thus, in some embodiments, “alkyl” refers to an
optionally substituted straight-chain, or optionally substi-
tuted branched-chain saturated hydrocarbon monoradical
having from about one to about thirty carbon atoms in some
embodiments, from about one to about fifteen carbon atoms
in some embodiments, and from about one to about six
carbon atoms in further embodiments. Examples of satu-
rated alkyl radicals include, but are not limited to, methyl,
ethyl, n-propyl, isopropyl, 2-methyl-1-propyl, 2-methyl-2-
propyl, 2-methyl-1-butyl, 3-methyl-1-butyl, 2-methyl-3-bu-
tyl, 2,2-dimethyl-1-propyl, 2-methyl-1-pentyl, 3-methyl-1-
pentyl, 4-methyl-1-pentyl, 2-methyl-2-pentyl, 3-methyl-2-
pentyl, 4-methyl-2-pentyl, 2,2-dimethyl-1-butyl, 3,3-
dimethyl-1-butyl, 2-ethyl-1-butyl, butyl, isobutyl, sec-butyl,
tert-butyl, n-pentyl, isopentyl, neopentyl, and n-hexyl, and
longer alkyl groups, such as heptyl, and octyl. It should be
noted that whenever it appears herein, a numerical range
such as “1 to 6 refers to each integer in the given range; e.g.,
“1 to 6 carbon atoms” or “C, ¢~ or “C,-C,” means that the
alkyl group may consist of 1 carbon atom, 2 carbon atoms,
3 carbon atoms, 4 carbon atoms, 5 carbon atoms, and/or 6
carbon atoms, although the present definition also covers the
occurrence of the term “alkyl” where no numerical range is
designated.

As used herein, the phrase “substituted alkyl” refers to an
alkyl group, as defined herein, in which one or more (up to
about five, preferably up to about three) hydrogen atoms is
replaced by a substituent independently selected from the
substituent group defined herein.
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As used herein, the phrases “substituents” and “substi-
tuted” refer to groups which may be used to replace another
group on a molecule. Such groups are known to those of skill
in the chemical arts and may include, without limitation, one
or more of the following independently selected groups, or
designated subsets thereof: halogen, —CN, —OH, —NO,,
—N;, =0, —S, —NH, —SO0,, —NH,, —COOH,
nitroalkyl, amino, including mono- and di-substituted amino
groups, cyanato, isocyanato, thiocyanato, isothiocyanato,
guanidinyl, O-carbamyl, N-carbamyl, thiocarbamyl, uryl,
isouryl, thiouryl, isothiouryl, mercapto, sulfanyl, sulfinyl,
sulfonyl, sulfonamidyl, phosphonyl, phosphatidyl, phos-
phoramidyl, dialkylamino, diarylamino, diarylalkylamino;
and the protected compounds thereof. The protecting groups
that may form the protected compounds of the above sub-
stituents are known to those of skill in the art and may be
found in references such as Greene and Wuts, Protective
Groups in Organic Synthesis, 3rd ed.; John Wiley & Sons,
New York, N.Y. (1999) and Kocienski, Protective Groups;
Thieme Verlag, New York, N.Y. (1994) which are incorpo-
rated herein by reference in their entirety.

As used herein, the phrase “alkoxy” refers to the group
—0-alkyl, where alkyl is as defined herein. In one embodi-
ment, alkoxy groups include, e.g., methoxy, ethoxy,
n-propoxy, isopropoxy, n-butoxy, tert-butoxy, sec-butoxy,
n-pentoxy, n-hexoxy, 1,2-dimethylbutoxy, and the like. The
alkoxy can be unsubstituted or substituted.

As used herein, the phrases “cyclic” and “membered ring”
refer to any cyclic structure, including alicyclic, heterocy-
clic, aromatic, heteroaromatic and polycyclic fused or non-
fused ring systems as described herein. The term “mem-
bered” is meant to denote the number of skeletal atoms that
constitute the ring. Thus, for example, pyridine, pyran, and
pyrimidine are six-membered rings and pyrrole, tetrahydro-
furan, and thiophene are five-membered rings.

As used herein, the phrase “aromatic” refers to a cyclic or
polycyclic moiety having a conjugated unsaturated (4n+2)m
electron system (where n is a positive integer), sometimes
referred to as a delocalized & electron system.

As used herein, the phrase “aryl” refers to an optionally
substituted, aromatic, cyclic, hydrocarbon monoradical of
from six to about twenty ring atoms, preferably from six to
about ten carbon atoms and includes fused (or condensed)
and non-fused aromatic rings. A fused aromatic ring radical
contains from two to four fused rings where the ring of
attachment is an aromatic ring, and the other individual rings
within the fused ring may be cycloalkyl, cycloalkenyl,
cycloalkynyl, heterocycloalkyl, heterocycloalkenyl, hetero-
cycloalkynyl, aromatic, heteroaromatic or any combination
thereof. A non-limiting example of a single ring aryl group
includes phenyl; a fused ring aryl group includes naphthyl,
anthryl, azulenyl; and a non-fused bi-aryl group includes
biphenyl.

As used herein, the phrase “substituted aryl” refers to an
aryl group, as defined herein, in which one or more (up to
about five, preferably up to about three) hydrogen atoms is
replaced by a substituent independently selected from the
group defined herein, (except as otherwise constrained by
the definition for the aryl substituent).

As used herein, the phrase “heteroaryl” refers to an
optionally substituted, aromatic, cyclic monoradical con-
taining from about five to about twenty skeletal ring atoms,
preferably from five to about ten ring atoms and includes
fused (or condensed) and non-fused aromatic rings, and
which have one or more (one to ten, preferably about one to
about four) ring atoms selected from an atom other than
carbon (i.e., a heteroatom) such as, for example, oxygen,
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nitrogen, sulfur, selenium, phosphorus or combinations
thereof. The term heteroaryl includes optionally substituted
fused and non-fused heteroaryl radicals having at least one
heteroatom. A fused heteroaryl radical may contain from
two to four fused rings where the ring of attachment is a
heteroaromatic ring and the other individual rings within the
fused ring system may be alicyclic, heterocyclic, aromatic,
heteroaromatic or any combination thereof. The term het-
eroaryl also includes fused and non-fused heteroaryls having
from five to about twelve skeletal ring atoms, as well as
those having from five to about ten skeletal ring atoms.
Examples of heteroaryl groups include, but are not limited
to, acridinyl, benzo[1,3]dioxole, benzimidazolyl, benzinda-
zolyl, benzoisooxazolyl, benzokisazolyl, benzofuranyl, ben-
zofurazanyl, benzopyranyl, benzothiadiazolyl, benzothiaz-
olyl, benzo[b]thienyl, benzothiophenyl, benzothiopyranyl,
benzotriazolyl, benzoxazolyl, carbazolyl, carbolinyl,
chromenyl, cinnolinyl, furanyl, furazanyl, furopyridinyl,
furyl, imidazolyl, indazolyl, indolyl, indolidinyl, indolizinyl,
isobenzofuranyl, isoindolyl, isoxazolyl, isoquinolinyl, iso-
thiazolyl, naphthylidinyl, naphthyridinyl, oxadiazolyl,
oxazolyl, phenoxazinyl, phenothiazinyl, phenazinyl, phe-
noxathiynyl, thianthrenyl, phenathridinyl, phenathrolinyl,
phthalazinyl, pteridinyl, purinyl, puteridinyl, pyrazyl, pyra-
zolyl, pyridyl, pyridinyl, pyridazinyl, pyrazinyl, pyrimidi-
nyl, pyrimidyl, pyrrolyl, quinazolinyl, quinolinyl, quinox-
alinyl, tetrazolyl, thiadiazolyl, thiazolyl, thienyl, triazinyl,
(1,2,3,)- and (1,2,4)-triazolyl and the like, and their oxides
where appropriate, such as for example pyridyl-N-oxide.

As used herein, the phrase “substituted heteroaryl” refers
to a heteroaryl group, as defined herein, in which one or
more (up to about five, preferably up to about three) hydro-
gen atoms is replaced by a substituent independently
selected from the group defined herein.

As used herein, the phrase “leaving group” refers to a
group with the meaning conventionally associated with it in
synthetic organic chemistry, i.e., an atom or group displace-
able under substitution reaction conditions. Examples of
leaving groups include, but are not limited to, halogen,
alkane- or arylenesulfonyloxy, such as methanesulfonyloxy,
ethanesulfonyloxy, thiomethyl, benzenesulfonyloxy, tosy-
loxy, and thienyloxy, dihalophosphinoyloxy, optionally sub-
stituted benzyloxy, isopropyloxy, acyloxy, and the like. In
some embodiments, a leaving group can be HC(O)—COOH
or RC(O)—COOH, wherein R is a C,-C, alkyl or substituted
C,-Cs alkyl.

The compounds of the invention as described herein may
be synthesized using standard synthetic techniques known to
those of skill in the art or using methods known in the art in
combination with methods described herein. The starting
materials used for the synthesis of the compounds of the
invention as described herein, can be obtained from com-
mercial sources, such as Aldrich Chemical Co. (Milwaukee,
Wis.), Sigma Chemical Co. (St. Louis, Mo.), or the starting
materials can be synthesized. The compounds described
herein, and other related compounds having different sub-
stituents can be synthesized using techniques and materials
known to those of skill in the art, such as described, for
example, in March, Advanced Organic Chemistry 4" Ed.
(1992) John Wiley & Sons, New York, N.Y.; Carey and
Sundberg, Advanced Organic Chemistry 4" Ed., Vols. A
(2000) and B (2001) Plenum Press, New York, N.Y. and
Greene and Wuts, Protective Groups in Organic Synthesis,
3rd Ed. (1999) John Wiley & Sons, New York, N.Y., (all of
which are incorporated by reference in their entirety). Gen-
eral methods for the preparation of compounds as disclosed
herein may be derived from known reactions in the field, and
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the reactions may be modified by the use of appropriate
reagents and conditions, as would be recognized by the
skilled person, for the introduction of the various moieties
found in the formulae as provided herein. For example, the
compounds described herein can be modified using various
electrophiles or nucleophiles to form new functional groups
or substituents.

In some embodiments, the volatile antimicrobial com-
pound of the invention has a structure of formula (I), (II), or
ny:

@
R*

>O\ /w\

R R

an

Ml

~0 (o]
-~ ~
\O/ ~

R R

¢, or

(I
R

\
B
; | \ /Rla
Rt Co
' Z RI?
C X
[\
R? R
ql

wherein ql and q2 are independently 1, 2, or 3;

q3=0, 1, 2, 3, or 4;

M is hydrogen, halogen, —OCH;, or —CH,—0O—
CH,—O—CH;;

M* is halogen, —CH,OH, or —OCHS,;

X is O, S, or NR', wherein R'¢ is hydrogen, substituted
alkyl, or unsubstituted alkyl;

R',R'¢ R'’, R? and R® are independently hydrogen, OH,
NH,, SH, CN, NO,, SO,, OSO,0H, OSO,NH,, substituted
or unsubstituted cycloalkyl, substituted or unsubstituted
heterocycloalkyl, substituted or unsubstituted aryl, or sub-
stituted or unsubstituted heteroaryl;

R* is substituted or unsubstituted aryl, substituted or
unsubstituted arylalkyl, substituted or unsubstituted het-
eroaryl, substituted or unsubstituted heteroarylalkyl, or sub-
stituted or unsubstituted vinyl;

with a proviso that when M is F, R* is not a member
selected from:

e
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wherein s=1 or 2; and R? and R* are independently methyl
or ethyl;
and with a proviso that when M is Cl, R* is not a member and with a provision that when M is OCHj;, R* is not a
selected from: member selected from:
35
Cl
Cl
40 i

; and and with a provision that when M* is F, R* is not a

45 member selected from:

and halogen;

halogen Cl
50
' / \ Q

and with a proviso that when M is hydrogen, R* is not a s

member selected from: and agriculturally acceptable salts thereof.

In one embodiment, the R* has a structure selected from:

cl
60 RIS RIS
XAAY Y\/\\X
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wherein X is a member selected from CH—CH, N—CH,
NR', O and S;

wherein R'* is a member selected from H, substituted or
unsubstituted alkyl, substituted or unsubstituted aryl and
substituted or unsubstituted arylalkyl;

Y is a member selected from CH and N;

R'7 and R'® are members independently selected from H,
substituted or unsubstituted alkyl, substituted or unsubsti-
tuted aryl, substituted or unsubstituted arylalkyl, (CH,),OH,
(CH,)zNR'"R'®, CO,H, CO,-alkyl, CONH,, S-alkyl,
S-aryl, SO-alkyl, SO-aryl, SO,-alkyl, SO,-aryl, SO,H,
SCF,, CN, halogen, CF; and NO,;

wherein R'” and R'® are members independently selected
from hydrogen, substituted or unsubstituted alkyl and sub-
stituted or unsubstituted alkanoyl;

v=1, 2, or 3; and
w=0, 1, 2, or 3.

In another embodiment, the R* has the following struc-
ture:

RZ 1 RZO

R19

Rl7 RIS

wherein R'7, R'®, R*®, R*, and R*! are independently
selected from H, substituted or unsubstituted alkyl, substi-
tuted or unsubstituted aryl, substituted or unsubstituted
arylalkyl, substituted or unsubstituted alkyloxy, substituted
or unsubstituted aryloxy, substituted or unsubstituted oxazo-
lidin-2-yl, (CH,),0H, CO,H, CO,-alkyl, CONH,, CONH-
alkyl, CON(alkyl),, OH, SH, S-alkyl, S-aryl, SO-alkyl,
SO-aryl, SO,-alkyl, SO,-aryl, SO,H, SCF;, CN, halogen,
CF;, NO,, (CH,)—NR**R*?, SO,NH,, OCH,CH,NH.,,
OCH,CH,NH-alkyl and OCH,CH,N(alkyl),;

wherein t=1, 2 or 3;

u=0, 1, or 2;

R*? and R*® are independently selected from H, substi-
tuted or unsubstituted alkyl, and substituted or unsubstituted
alkanoyl.

In another embodiment, the R* has the following struc-
ture:

R2! R20
R2S
l R19
I
24
R z
R RIS

wherein R'7, R'®, R'®, R*°, and R?' are independently
selected from H, substituted or unsubstituted alkyl, substi-
tuted or unsubstituted aryl, substituted or unsubstituted
arylalkyl, substituted or unsubstituted alkyloxy, substituted
or unsubstituted aryloxy, substituted or unsubstituted oxazo-
lidin-2-y1, (CH,),0H, CO,H, CO,-alkyl, CONH,, CONH-
alkyl, CON(alkyl),, OH, SH, S-alkyl, S-aryl, SO-alkyl,
SO-aryl, SO,-alkyl, SO,-aryl, SO,H, SCF;, CN, halogen,
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CF,;, NO,, (CH,),NR**R**, SO,NH,, OCH,CH,NH.,,
OCH,CH,NH-alkyl and OCH,CH,N(alkyl),;

wherein t=1, 2 or 3;

u=0, 1, or 2;

R** and R?? are independently selected from H, substi-
tuted or unsubstituted alkyl, and substituted or unsubstituted
alkanoyl;

R** and R?® are independently selected from H, substi-
tuted or unsubstituted alkyl, substituted or unsubstituted
aryl, substituted or unsubstituted arylalkyl, substituted or
unsubstituted alkyloxy, substituted or unsubstituted aryloxy,
substituted or unsubstituted oxazolidin-2-yl, (CH,), OH,
CO,H, CO,-alkyl, CONH,, CONH-alkyl, CON(alkyl),,
OH, SH, S-alkyl, S-aryl, SO-alkyl, SO-aryl, SO,-alkyl,
SO,-aryl, SO;H, SCF,, CN, halogen, CF;, NO,, (CH,),
NR**R**, SO,NH,, OCH,CH,NH,, OCH,CH,NH-alkyl
and OCH,CH,N(alkyl),;

7=1,2,3,4,5, or 6.

Additional antimicrobial compounds are also disclosed
previously in U.S. Pat. No. 8,106,031, and International
Patent Application WO 2007/131072A2, the contents of
which are hereby incorporated by reference in their entire-
ties.

In some embodiments, the volatile antimicrobial com-
pound of the invention has the structure of formula (IV):

av)

ORS
o o
),
e}
/
A X

wherein A and D together with the carbon atoms to which
they are attached form a 5-, 6-, or 7-membered fused ring
which may be substituted by C,-Cg-alkyl, C,-Cs-alkoxy,
hydroxy, halogen, nitro, nitrile, amino, amino substituted by
one or more C,-Cg-alkyl groups, carboxy, acyl, aryloxy,
carbonamido, carbonamido substituted by C,-Cg-alkyl, sul-
fonamido or trifluoromethyl or the fused ring may link two
oxaborole rings;

X is a group —CR’R® wherein R” and R® are each
independently hydrogen, C,-Cg-alkyl, nitrile, nitro, aryl,
arylalkyl or R” and R® together with the carbon atom to
which they are attached form an alicyclic ring; and

R®is hydrogen, C,-C, ¢-alkyl, C,-C, -alkyl substituted by
C,-Cg-alkoxy, C,-Cg-alkylthio, hydroxy, amino, amino sub-
stituted by C,-C,s-alkyl, carboxy, aryl, aryloxy, carbona-
mido, carbonamido substituted by C,-C,-alkyl, aryl or ary-
lalkyl, arylalkyl, aryl, heteroaryl, cycloalkyl, C;-C,g-
alkyleneamino, C,-C g-alkyleneamino substituted by
phenyl, C,-Cg-alkoxy or C,-C,-alkylthio, carbonyl alkyle-
neamino or a radical of formula (V):

V)

wherein A, D and X are as defined herein before except
for boronophthalide;
and agriculturally acceptable salts thereof.
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In one embodiment, the volatile antimicrobial compound
of the invention has the structure of formula (IX):

Ix)

wherein A, D, and X are defined as above;

Y is a divalent alkylene linking group containing up to 18
carbon atoms or a divalent alkylene linking group containing
up to 18 carbon atoms which is substituted by phenyl, C,-Cg
alkoxy, C,-Cg-alkylthio; carbonyl alkylene amino; and

R? and R* are each, independently, hydrogen, C,-C,,-
alkyl or phenyl or R® together with Y or part of Y forms a
5-, 6- or 7-membered ring containing the nitrogen atom.

In another embodiment, the volatile antimicrobial com-
pound of the invention has the structure of formula (X):

X
A X
[ >
B/ -
D™/ NER?
0
\
H? RS
RS

wherein A, D, and X are defined as above;

nis 1, 2, or 3;

R? is hydrogen, C,-C,4-alkyl or phenyl; and

R® and RS are each, independently, hydrogen, alkyl con-
taining up to a total of 16 carbon atoms or phenyl.

Additional antimicrobial compounds are also disclosed
previously in U.S. Pat. No. 5,880,188, the content of which
is hereby incorporated by reference in its entirety.

In another aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound of formula (VI):

VD

4
AN

Y
/
B
R(n) \o
/
X

wherein each R is independently hydrogen, alkyl, alkene,
alkyne, haloalkyl, haloalkene, haloalkyne, alkoxy, alkene-
oxy, haloalkoxy, aryl, heteroaryl, arylalkyl, arylalkene, ary-
lalkyne, heteroarylalkyl, heteroarylalkene, heteroarylalkyne,
halogen, hydroxyl, nitrile, amine, ester, carboxylic acid,
ketone, alcohol, sulfide, sulfoxide, sulfone, sulfoximine,
sulfilimine, sulfonamide, sulfate, sulfonate, nitroalkyl,
amide, oxime, imine, hydroxylamine, hydrazine, hydrazone,
carbamate, thiocarbamate, urea, thiourea, carbonate, ary-
loxy, or heteroaryloxy;
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n=1, 2, 3, or 4;
B is boron;
X=(CR,),, where m=1, 2, 3, or 4;
Y is alkyl, alkene, alkyne, haloalkyl, haloalkene,

haloalkyne, alkoxy, alkeneoxy, haloalkoxy, aryl, heteroaryl,
arylalkyl, arylalkene, arylalkyne, heteroarylalkyl, heteroary-
lalkene, heteroarylalkyne, hydroxyl, nitrile, amine, ester,
carboxylic acid, ketone, alcohol, sulfide, sulfoxide, sulfone,
sulfoximine, sulfilimine, sulfonamide, sulfate, sulfonate,
nitroalkyl, amide, oxime, imine, hydroxylamine, hydrazine,
hydrazone, carbamate, thiocarbamate, urea, thiourea, car-
bonate, aryloxy, or heteroaryloxy;

with a proviso that R is not aryloxy or heteroaryloxy when
Y is hydroxyl;

and agriculturally acceptable salts thereof.

In one embodiment, the volatile antimicrobial compound
has a structure of formula (VII):

(VID)

W.
O< j\I/H

/ B/ N I
R(n) | /o
\ X

wherein W=(CH,), where q is 1, 2, or 3.
In another embodiment, the volatile antimicrobial com-
pound has a structure of

/OH or /OH.
B B
\O N

In one embodiment of the method provided, the pathogen
is selected from the group consisting of Alternaria spp.,
Aspergillus spp., Botryospheria spp., Botrytis spp., Bys-
sochlamys spp., Colletotrichum spp., Diplodia spp.,
Fusarium spp., Geotrichum spp., Lasiodiplodia spp., Mono-
linia spp., Mucor spp., Penicillium spp., Pezicula spp.,
Phomopsis spp., Phytophthora spp., Pythium spp., Rhizoc-
tonia spp., Rhizopus spp., Sclerotinia spp., and Venturia spp.
In another embodiment, the pathogen is selected from the
group consisting of Erwinia spp., Pectobacterium spp.,
Pseudomonas spp., Ralstonia spp., Xanthomonas spp.; Sal-
monella spp., Escherichia spp., Listeria spp., Bacillus spp.,
Shigella spp., and Staphylococcus spp. In another embodi-
ment, the pathogen is selected from the group consisting of
Candida spp., Debaryomyces spp., Bacillus spp., Campy-
lobacter spp., Clostridium spp., Cryptosporidium spp.,
Giardia spp., Vibrio spp., and Yersinia spp. In another
embodiment, the method comprises a pre-harvest treatment
or post-harvest treatment. In a further embodiment, the
pre-harvest treatment is selected from the group consisting
of seed treatment and transplant treatment. In another
embodiment, the post-harvest treatment is selected from the
group consisting of treatment during field packing, treatment
during palletization, in-box treatment, treatment during
transportation, and treatment during storage and/or through-
out the distribution network.

In another embodiment, the plants or plant parts comprise
transgenic plants or transgenic plant parts. In another
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embodiment, the plants or plant parts are selected from the
group consisting of corn, wheat, cotton, rice, soybean, and
canola. In another embodiment, the plants or plant parts are
selected from the group consisting of fruit, vegetables,
nursery, turf and ornamental crops. In a further embodiment,
the fruit is selected from the group consisting of banana,
pineapple, citrus including oranges, lemon, lime, grapefruit,
and other citrus, grapes, watermelon, cantaloupe, musk-
melon, and other melons, apple, peach, pear, cherry, kiwi-
fruit, mango, nectarine, guava, papaya, persimmon, pome-
granate, avocado, fig, and berries including strawberry,
blueberry, raspberry, blackberry, currants and other types of
berries. In a further embodiment, the vegetable is selected
from the group consisting of tomato, potato, sweet potato,
cassava, pepper, bell pepper, carrot, celery, squash, eggplant,
cabbage, cauliflower, broccoli, asparagus, mushroom,
onion, garlic, leek, and snap bean. A further embodiment, the
flower or flower part is selected from the group consisting of
roses, carnations, orchids, geraniums, lily or other ornamen-
tal flowers. A further embodiment, the meat is selected from
the group of beef, bison, chicken, deer, goat, turkey, pork,
sheep, fish, shellfish, mollusks, or dry-cured meat products.

In one embodiment, the contacting comprises applying
the volatile antimicrobial compound by ways selected from
the group consisting of spray, mist, thermal or non-thermal
fogging, drench, gas treatment, and combinations thereof. In
a further embodiment, the gas treatment is selected from the
group consisting of release from a sachet, release from a
synthetic or natural film, fibrous material, and/or release
from a liner or other packaging materials, release from
powder, release from a gas-releasing generator, release using
a compressed or non-compressed gas cylinder, release from
a droplet inside a box, and combinations thereof. In another
embodiment, the method further comprises contacting the
meats, plants, plant parts with a cyclopropene compound. In
a further embodiment, the cyclopropene compound com-
prises 1-methylcyclopropene (1-MCP).

In another aspect, provided is a method of using a volatile
antimicrobial compound against pathogens affecting meats,
plants, or plant parts. The method comprises contacting the
meats, plants, or plant parts with an effective amount of the
volatile antimicrobial compound of formula (VIII):

(VIII)

wherein R* is CN, C(O)NR’R'®, or C(O)OR!" wherein
R is hydrogen, substituted alkyl, or unsubstituted alkyl,

X is N, CH and CR?;

R” is halogen, substituted or unsubstituted alkyl, C(O)R*?,
C(O)OR'2, OR'?, NR'?R"?, wherein R®, R'°, R'?, and R*?
are independently hydrogen, substituted or unsubstituted
alkyl, substituted or unsubstituted heteroalkyl, substituted or
unsubstituted cycloalkyl, substituted or unsubstituted het-
erocycloalkyl, substituted or unsubstituted aryl, or substi-
tuted or unsubstituted heteroaryl;

with a proviso that R and R'°, together with the atoms to
which they are attached, are optionally combined to form a
4- to 8-membered substituted or unsubstituted heterocy-
cloalkyl ring;
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and with a proviso that R'? and R'?, together with the
atoms to which they are attached, are optionally combined
to form a 4- to 8-membered substituted or unsubstituted
heterocycloalkyl ring;

and agriculturally acceptable salts thereof.

In one embodiment, the volatile antimicrobial compound
of the invention has the structure of formula (XI):

OH
NC\ /
B
A N
L~
X O
In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from:

QOL
LoV e

OH and

0
0

In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from:

IIJ@D
poves

In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from:

/OH
CN
L 0
0
P
R® N (¢}

XD
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-continued
/OH, OH and
NC 3
Ny B R*00C
N\
| o ;
RY / (8} R®
/OH,
NC R300C
A B
N AN
| O 10
P
R® N (6] R?
OH, and
NC R? B .3 . .
AN \ wherein R” is hydrogen, substituted or unsubstituted alkyl,
| 0 15 or substituted or unsubstituted heteroalkyl.
N/ o In another embodiment, the volatile antimicrobial com-
/OH. pound of the invention is selected from:
NC B
N\
O 20 OH,
COOR?
(0] AN B
O
R? |
F
R? N (o]
25 OH,
In one embodiment, the volatile antimicrobial compound R300C B/
of the invention has the structure of formula (XII): | N \
O
(XII) R ~ ©
30
on /OH,
R300C / R*00C B
r\ AN B\ | o N \O
ot : S
| =
“ o R? N 0
» OH, and
R300C N R? B/
In another embodiment, the volatile antimicrobial com- | \O
pound of the invention is selected from: P
O
40 OH:
H, R300C B
R300C N\
O
\/j\ /@i/ 45 ©
Rb

R*00C
wherein R? is hydrogen, substituted or unsubstituted alkyl,
50 or substituted or unsubstituted heteroalkyl.

OH In one embodiment, the volatile antimicrobial compound
and . .
of the invention has the structure of formula (XIII):

COOR?
EI /@i/ 55 (XIIT)
OH;

IR2 5
CONR'R /

S :

COOR? ol \o
|
60 KX/ 0

) ) ) ) wherein each of R' and R? is independently hydrogen,
wherein R? is hydrogen, substituted or unsubstituted alkyl, substituted or unsubstituted alkyl, or substituted or unsub-
or substituted or unsubstituted heteroalkyl. 65 stituted heteroalkyl.

In another embodiment, the volatile antimicrobial com- In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from: pound of the invention is selected from:
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R?R!NOC
Q Q@
RZRINOC\O\ :

OH and
CONR!R?

s@ee

CONR!R?

tsges!

CONR!R?

xoges’

In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from:

OH and

R?RINOC. : :

wherein each of R' and R? is independently hydrogen,
substituted or unsubstituted alkyl, or substituted or unsub-
stituted heteroalkyl.

In another embodiment, the volatile antimicrobial com-
pound of the invention is selected from:

CONR'R?

II J@L
mr* Q@
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-continued
OH and
RZRINOC\[ji :
2pl
R?R'NOC B
AN
O
O

R

wherein each of R' and R? is independently hydrogen,
substituted or unsubstituted alkyl, or substituted or unsub-
stituted heteroalkyl.

In one embodiment, R® is selected from fluorine and
chlorine. In another embodiment, R? is selected from OR?®
and NR?’R2%. In another embodiment when R? is OR?°, R?¢
is selected from H, substituted or unsubstituted alkyl, sub-
stituted or unsubstituted heteroalkyl, substituted or unsub-
stituted cycloalkyl, substituted or unsubstituted heterocy-
cloalkyl, substituted or unsubstituted aryl, and substituted or
unsubstituted heteroaryl. In another embodiment when R? is
OR?2%, RS is selected from H, substituted or unsubstituted
alkyl, substituted or unsubstituted heteroalkyl and substi-
tuted or unsubstituted cycloalkyl. In another embodiment
when R? is OR?S, R?® is unsubstituted C,-C, alkyl. In
another embodiment when R? is OR2°, R?° is unsubstituted
cycloalkyl. In another embodiment when R? is OR?%, R?° is
alkyl, substituted with a member selected from substituted
or unsubstituted C,-C, alkoxy. In another embodiment when
R? is OR?®, R?® is alkyl, substituted with at least one
halogen. In another embodiment when R? is OR?%, RS is
alkyl, substituted with at least one oxo moiety.

In another embodiment when R? is OR2%, R2% is a member
selected from —CH,;, —CH,CH,;, —(CH,),CH;, —CH
(CH;),, —CH,CF;, —CH,CHF,, —CH,CH,(OH),
—CH,CH,(OCH,;), —CH,CH,(OC(CH,),), —C(O)CHj,,
—CH,CH,OC(0O)CH,, —CH,C(O)OCH,CH,, —CH,C(O)
OC(CH;);, —(CH,):C(O)CH,,  —CH,C(0)OC(CH,)s,
cyclopentyl, cyclohexyl,

vl

, and

In another embodiment when R? is NR?’R?®, R?” and R*®
are members independently selected from H, substituted or
unsubstituted alkyl, substituted or unsubstituted heteroalkyl,
substituted or unsubstituted cycloalkyl, substituted or unsub-
stituted heterocycloalkyl, substituted or unsubstituted aryl,
and substituted or unsubstituted heteroaryl. In another
embodiment when R? is NR?7R2%, R?’ is H or unsubstituted
alkyl; and R?® is unsubstituted alkyl or alkyl substituted with
a member selected from hydroxyl, phenyl, unsubstituted
alkoxy and alkoxy substituted with a phenyl. In a further
embodiment when R” is NR?7R**, R*” is H or CH,.
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In another embodiment when R® is NR®>’R?®, R?” and R*®
are independently selected from substituted or unsubstituted
alkyl. In another embodiment when R” is NR*"R?®, R?’ is
unsubstituted alkyl; and R?® is substituted or unsubstituted
alkyl. In another embodiment when R® is NR?’R?® R?7 is
unsubstituted alkyl; and R*® is alkyl, substituted with a
member selected from substituted or unsubstituted alkoxy
and hydroxyl. In another embodiment when R” is NR*"R?*,
R?7 is unsubstituted alkyl; and R*® is alkyl, substituted with
unsubstituted alkoxy. In another embodiment when R” is
NR*’R?®, R?’ is unsubstituted alkyl; and R*® is alkyl, sub-
stituted with alkoxy, substituted with phenyl. In another
embodiment when R? is NR?’R?®, R?” is unsubstituted alkyl;
and R*® is alkyl, substituted with unsubstituted alkoxy. In
another embodiment when R® is NR*’R?®, R?’ and R*®
together with the nitrogen to which they are attached, are
combined to form a 4- to 8-membered substituted or unsub-
stituted heterocycloalkyl ring. In another embodiment when
R? is NR?’R?®, R?’ and R>® together with the nitrogen to
which they are attached, are combined to form a 5- or
6-membered substituted or unsubstituted heterocycloalkyl
ring.

In another embodiment, R” is selected from N(CHS,),,
N(CH;)(CH,CH,(OCHy)), N(CH,)(CH,CH,OH), NH,,
NHCH,, NH(CH,CH,(OCH,)), NH(CH,CH,(OCH,Ph),
NH(CH,Ph), NH(C(CH,);) and NH(CH,CH,OH). In
another embodiment, Rb is selected from

o @Eg ) Q}”‘_

Additional antimicrobial compounds are also disclosed
previously in U.S. Pat. No. 8,039,450, and patent application
publication US 2009/0291917, the contents of which are
hereby incorporated by reference in their entireties.

The practice of the present invention involves the use of
one or more cyclopropene compound. As used herein, a
cyclopropene compound is any compound with the formula

1§ R*

A

where each R', R?, R? and R* is independently selected from
the group consisting of H and a chemical group of the
formula:

R R?

L7

where n is an integer from 0 to 12. Each L is a bivalent
radical. Suitable L groups include, for example, radicals
containing one or more atoms selected from H, B, C, N, O,
P, S, Si, or mixtures thereof. The atoms within an L. group
may be connected to each other by single bonds, double
bonds, triple bonds, or mixtures thereof. Each L group may
be linear, branched, cyclic, or a combination thereof. In any
one R group (i.e., any one of R*, R?, R*> and R?) the total
number of heteroatoms (i.e., atoms that are neither H nor C)
is from O to 6. Independently, in any one R group the total
number of non-hydrogen atoms is 50 or less. Each Z is a
monovalent radical. Each Z is independently selected from
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the group consisting of hydrogen, halo, cyano, nitro, nitroso,
azido, chlorate, bromate, iodate, isocyanato, isocyanido,
isothiocyanato, pentafiuorothio, and a chemical group G,
wherein G is a 3- to 14-membered ring system.

The RY, R? R?, and R* groups are independently selected
from the suitable groups. Among the groups that are suitable
for use as one or more of R', R?, R?, and R* are, for example,
aliphatic groups, aliphatic-oxy groups, alkylphosphonato
groups, cycloaliphatic groups, cycloalkylsulfonyl groups,
cycloalkylamino groups, heterocyclic groups, aryl groups,
heteroaryl groups, halogens, silyl groups, other groups, and
mixtures and combinations thereof. Groups that are suitable
for use as one or more of R!, R R> and R* may be
substituted or unsubstituted.

Among the suitable R', R?, R®, and R* groups are, for
example, aliphatic groups. Some suitable aliphatic groups
include, for example, alkyl, alkenyl, and alkynyl groups.
Suitable aliphatic groups may be linear, branched, cyclic, or
a combination thereof. Independently, suitable aliphatic
groups may be substituted or unsubstituted.

As used herein, a chemical group of interest is said to be
“substituted” if one or more hydrogen atoms of the chemical
group of interest is replaced by a substituent.

Also among the suitable R, R? R, and R* groups are, for
example, substituted and unsubstituted heterocyclyl groups
that are connected to the cyclopropene compound through
an intervening oxy group, amino group, carbonyl group, or
sulfonyl group; examples of such R*, R?, R?, and R* groups
are heterocyclyloxy, heterocyclylcarbonyl, diheterocycly-
lamino, and diheterocyclylaminosulfonyl.

Also among the suitable R, R? R, and R* groups are, for
example, substituted and unsubstituted heterocyclic groups
that are connected to the cyclopropene compound through
an intervening oxy group, amino group, carbonyl group,
sulfonyl group, thioalkyl group, or aminosulfonyl group;
examples of such R, R?, R?, and R* groups are diheteroary-
lamino, heteroarylthioalkyl, and diheteroarylaminosulfonyl.

Also among the suitable R, R? R, and R* groups are, for
example, hydrogen, fluoro, chloro, bromo, iodo, cyano,
nitro, nitroso, azido, chlorato, bromato, iodato, isocyanato,
isocyanido, isothiocyanato, pentafluorothio, acetoxy, car-
boethoxy, cyanato, nitrato, nitrito, perchlorato, allenyl,
butylmercapto, diethylphosphonato, dimethylphenylsilyl,
isoquinolyl, mercapto, naphthyl, phenoxy, phenyl, piperi-
dino, pyridyl, quinolyl, triethylsilyl, trimethylsilyl, and sub-
stituted analogs thereof.

As used herein, the chemical group G is a 3- to 14-mem-
bered ring system. Ring systems suitable as chemical group
G may be substituted or unsubstituted; they may be aromatic
(including, for example, phenyl and napthyl) or aliphatic
(including unsaturated aliphatic, partially saturated ali-
phatic, or saturated aliphatic); and they may be carbocyclic
or heterocyclic. Among heterocyclic G groups, some suit-
able heteroatoms are, for example, nitrogen, sulfur, oxygen,
and combinations thereof. Ring systems suitable as chemical
group G may be monocyclic, bicyclic, tricyclic, polycyclic,
spiro, or fused; among suitable chemical group G ring
systems that are bicyclic, tricyclic, or fused, the various
rings in a single chemical group G may be all the same type
or may be of two or more types (for example, an aromatic
ring may be fused with an aliphatic ring).

In one embodiment, one or more of R', R R?, and R*is
hydrogen or (C,-C,,) alkyl. In another embodiment, each of
R!, R?, R?, and R* is hydrogen or (C,-Cy) alkyl. In another
embodiment, each of R!, R% R, and R* is hydrogen or
(C,-C,) alkyl. In another embodiment, each of R*, R?, R?,
and R* is hydrogen or methyl. In another embodiment, R* is
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(C,-C,) alkyl and each of R?, R?, and R* is hydrogen. In
another embodiment, R* is methyl and each of R?, R?, and
R* is hydrogen, and the cyclopropene compound is known
herein as 1-methylcyclopropene or “1-MCP.”
In another embodiment, the cyclopropene is of the for-
mula:

[>—r

wherein R is a substituted or unsubstituted alkyl, alkenyl,
alkynyl, cycloalkyl, cycloalkylalkyl, phenyl, or naphthyl
group; wherein the substituents are independently halogen,
alkoxy, or substituted or unsubstituted phenoxy. In one
embodiment, R is C,-Cg alkyl. In another embodiment, R is
methyl.

In another embodiment, the cyclopropene is of the for-
mula:

R? R*

wherein R! is a substituted or unsubstituted C,-C, alkyl,
C,-C, alkenyl, C,-C, alkynyl, C,-C, cycloalkyl, cycloalky-
lalkyl, phenyl, or napthyl group; and R* R® and R* are
hydrogen. In another embodiment, the cyclopropene com-
prises 1-methylcyclopropene (1-MCP).

As used herein, the phrase “transgene vector” refers to a
vector that contains an inserted segment of deoxyribonucleic
acid (DNA), the “transgene” that is transcribed into mes-
senger ribonucleic acid (mRNA) or replicated as ribonucleic
acid (RNA) within a host cell. The phrase “transgene” refers
not only to that portion of inserted DNA that is converted
into RNA, but also those portions of the vector that are
necessary for the transcription or replication of the RNA. A
transgene typically comprises a gene-of-interest but needs
not necessarily comprise a polynucleotide sequence that
contains an open reading frame capable of producing a
protein.

Meats, plants, or plant parts may be treated in the practice
of the present invention. One example is treatment of whole
plants; another example is treatment of whole plants while
they are planted in soil, prior to the harvesting of useful plant
parts.

Any plants that provide useful plant parts may be treated
in the practice of the present invention. Examples include
plants that provide fruits, vegetables, and grains.

As used herein, the phrase “plant” includes dicotyledon-
ous plants and monocotyledonous plants. Examples of
dicotyledonous plants include tobacco, Arabidopsis, soy-
bean, tomato, papaya, canola, sunflower, cotton, alfalfa,
potato, grapevine, pigeon pea, pea, Brassica, chickpea,
sugar beet, rapeseed, watermelon, melon, pepper, peanut,
pumpkin, radish, spinach, squash, broccoli, cabbage, carrot,
cauliflower, celery, Chinese cabbage, cucumber, eggplant,
and lettuce. Examples of monocotyledonous plants include
corn, rice, wheat, sugarcane, barley, rye, sorghum, orchids,
bamboo, banana, cattails, lilies, oat, onion, millet, and
triticale. Examples of fruit include banana, pineapple,
oranges, grapes, grapefruit, watermelon, melon, apples,
peaches, pears, kiwifruit, mango, nectarines, guava, persim-
mon, avocado, lemon, fig, and berries.

R! R?
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Those skilled in the art would understand certain variation
can exist based on the disclosure provided. Thus, the fol-
lowing examples are given for the purpose of illustrating the
invention and shall not be construed as being a limitation on
the scope of the invention or claims.

EXAMPLES
Example 1

12-Well (7 milliliter (mL. volume per well) microtiter
plates are used for the in vitro inhibition assay for volatile
antimicrobial compounds. A 3-ml. volume of full-strength
Potato Dextrose Agar (PDA) is added to each well. After
cooling, 1 microliter (uL) of 1x10° per mL Botrytis cinerea
spore suspension is spot pipetted to the center of the agar.
For the first experiment, inoculated plates are allowed to
germinate for 5 days at 4° C. For the second experiment,
plates are inoculated immediately prior to volatile fungicide
treatment. Small Whatman #1 filter disks (Cat. No. 1001-
0155) are placed, in duplicate, on the underside of a poly-
ethylene PCR plate sealing film.

TABLE 1

Results of in vitro assay for volatile fungicide

Rate of Compound A

(mg per disk) Botrytis inhibition % (in vitro)

100%
100%
100%
100%
100%
100%
100%
100%
100%
85%
69%
46%
0%

0.04
0.023
0.01
0.005
0.0024
0.001
0.0006
Control

For determination of the minimum inhibitory concentra-
tion (MIC), Compound A (benzoxaborole; FIG. 1) is diluted
in acetone, and the appropriate amount of compound is
added to disks in a dose dependent manner (1.25 to 0.0006
milligrams per disk (mg/disk)). The acetone is permitted to
evaporate for 5 minutes. The headspace around the Borrytis
cinerea inoculum is then sealed inside the well by the film
with the adhering disk containing the fungicide. Plates are
inverted, placed over the treated disks and sealed to prevent
any of the chemical from flaking from the disk and falling
onto the inoculated agar. After 14 days of storage at 4° C.,
cultures are evaluated for percent growth relative to control.
Regardless of whether the spores had germinated for 5 days,
or if the treatment commenced soon after inoculation of the
plates (~15 minutes); there is 100% control of the fungal
pathogen down to 0.005 mg. Experimental results are sum-
marized in Table 1. The results suggest that Compound A is
able to kill Botrytis cinerea spores and inhibit mycelial
growth at the same concentration. Thus, Compound A (FIG.
1) shows 100% efficacy in the in vitro inhibition of fungal
growth at a rate of 0.005 mg/disk.

Example 2

Atotal of 14 antimicrobial compounds are tested using the
in vitro inhibition assay described in Example 1. All 14
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compounds are applied to the Whatman disks, in duplicate,
in a dose dependent manner (0.31 to 0.0006 mg/disk). The
results show that Compound A provides the best control of
Botrytis cinerea, with 100% control down to 0.005 mg/disk.
Other compounds, such as Compound C, Compound D, and
Compound E conferred 100% control down to 0.023, 0.04,
and 0.08 mg/disk, respectively. The tested compounds are
shown in FIG. 3. Results of nine compounds are summa-
rized in Table 2, where the other five compounds show no
detected activity in the ranges tested.

TABLE 2
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TABLE 3

Results of in vivo assay for volatile fungicide

Rate of Compound A

(mg per disk) Botrytis inhibition % (in vivo)

1.25
0.63
0.31

100%
100%
100%

Results of in vitro assay for volatile fungicide in % Botrytis inhibition

Rate
(mg/disk)

Comp. Comp. Comp. Comp. Comp. Comp.

Comp.
A C D E F G H

Comp. Comp.
7 K

0.31
0.16
0.08
0.04
0.023
0.01
0.005
0.0024
0.001
0.0006
Control

100%
100%
100%
100%
100%
100%
100%
85%
69%
46%
0%

100%
100%
100%
100%
100%
83%
63%
43%
15%
0%
0%

100%
100%
100%
100%
80%
70%
38%
15%
0%
0%
0%

100%
100%
100%
79%
79%
69%
38%
28%
13%
13%
0%

70%
53%
40%
18%
10%
8%
8%
0%
0%
0%
0%

100%
78%
43%
13%

3%
0%
0%
0%
0%
0%
0%

85%
80%
55%
38%
18%
3%
0%
0%
0%
0%
0%

50%
13%
8%
5%
0%
0%
0%
0%
0%
0%
0%

48%
29%
5%
0%
0%
0%
0%
0%
0%
0%
0%

Example 3

Compound B (FIG. 2; 2-(hydroxymethyl)phenylboronic
acid cyclic monoester, a des-fluoro analogue of Compound
A), is evaluated in a similar manner as described in
Examples 1 and 2 above. The compound is applied to the
Whatman filter paper at rates from 0.5 mg to 0.0039
mg/disk. Results show that Compound B inhibits 100%
Botrytis cinerea at a rate of 0.0078 mg/disk.

Example 4

In order to assess the in vivo activity of volatile antimi-
crobial compounds, a volatile bioassay is developed using
green table grape. Fruit are placed individually inside a 20
mlL scintillation vial, with the stem wound facing upwards.
The fresh stem wound is inoculated with 10 uL of 1x10° per
mL Botrytis cinerea spore suspension. Whatman filter paper
(Cat. No. 1822-024) is placed inside duplicate vial caps. For
determination of the MIC, Compound A (FIG. 1) is diluted
in acetone, and the appropriate amount of compound is
added to the disks in a dose dependent manner (2.5 to 0.0024
mg/disk). The acetone is permitted to evaporate for 5
minutes. The vials are then capped with the lids containing
the fungicide, and placed for 14 days at 4° C. After storage,
fruit are evaluated for incidence of disease and appearance
of phytotoxicity. Results are summarized in Table 3 and
there is 100% control of Botrytis cinerea down to 0.04
mg/disk and no evidence of phytotoxicity at any of the rates
evaluated. Representative photos of exemplary in vivo inhi-
bition results using Compound A are shown in FIGS.
4A-4D, where 0.04 mg of Compound A shows 100%
inhibition and 0.0024 mg of Compound A shows no inhi-
bition.
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TABLE 3-continued

Results of in vivo assay for volatile fungicide

Rate of Compound A

(mg per disk) Botrytis inhibition % (in vivo)

0.16
0.08
0.04
0.023
0.01
0.005
0.0024
Control

100%
100%
100%
0%
0%
0%
0%
0%

Example 5

In order to assess the in vivo activity of volatile antimi-
crobial compounds, a volatile bioassay is developed using
strawberry. Two fruit are placed inside a 240 mL jar, with the
calyx facing downwards. A fresh wound is inoculated with
20 uL of 1x10° per mL Botrytis cinerea spore suspension.
Whatman filter paper (Cat. No. 1822-024) is placed inside
duplicate jar lids. For determination of the MIC, Compound
A (benzoxaborole; FIG. 1) is diluted in acetone, and the
appropriate amount of compound is added to the disks in a
dose dependent manner (2.5 to 0.005 mg/disk). For deter-
mination of the MIC, Compound B (benzoxaborole; FIG. 2)
is diluted in acetone, and the appropriate amount of com-
pound is added to the disks in a dose dependent manner (2.5
to 0.005 mg/disk). The acetone is permitted to evaporate for
5 minutes. The jars are then capped with the lids containing
the fungicide, and placed for 5 days at 21° C. After storage,
fruit are evaluated for incidence and severity of disease and
appearance of phytotoxicity. Results are summarized in
Table 4. There is 100% control of Botrytis cinerea down to
0.16 mg/disk for Compound A and 100% control of Botrytis
cinerea down to 0.32 mg/disk for Compound B, and no
evidence of phytotoxicity at any of the rates evaluated.
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TABLE 4
Percent (%) Incidence of Botrytis cinerea on Strawberry (in vivo
Rates (mg/disk) Compound A Compound B
0.005 75% 100%
0.01 100% 100%
0.02 50% 100%
0.04 75% 75%
0.08 0% 50%
0.16 0% 25%
0.32 0% 0%
0.64 0% 0%
1.25 0% 0%
2.5 0% 0%
Example 6

In order to assess the in vivo dose by time activity of
volatile antimicrobial compounds, a volatile bioassay is
developed using strawberry. Two fruit are placed inside a
240 ml. jar, with the calyx facing downwards. A fresh wound
is inoculated with 20 uL of 1x10° per ml Botrytis cinerea
spore suspension. Whatman filter paper (Cat. No. 1822-024)
is placed inside duplicate jar lids. Compound A (benzoxa-
borole; FIG. 1) is diluted in acetone, and the appropriate
amount of compound is added to the disks at two rates 0.008
or 0.125 mg. The acetone is permitted to evaporate for 5
minutes. The jars are capped with the lids containing the
fungicide, and incubated with the volatile fungicide for 1, 3,
6, 24 or 72 hours. After incubation, lids containing the disk
with Compound A are replaced with new lids without
Compound A. All samples are maintained at 21° C. for 3
days, and then the lids are removed and maintained for an
additional 48 hours, all at 90% relative humidity (R.H.). The
fruit are evaluated for incidence and severity of disease and
appearance of phytotoxicity. Results are summarized in
Table 5. There is 100% control of Botrytis cinerea at 0.125
mg/disk for Compound A after 6 hour exposure, and no
evidence of phytotoxicity. 0.125 mg of Compound A shows
100% in vivo inhibition in comparison to the acetone only
control. A representative result is also shown in FIGS. 5A
and 5B.

TABLE 5

Incidence (%) and Severity of Botryiis cinerea on strawberries over time

Compound A

Incidence (%) Severity (0 to 3)
Rates (mg/disk)

Time (h) 0.008 0.125 0.008 0.125
1 100% 67% 4.0 23
3 0% 33% 0.0 1.3
6 33% 0% 1.0 0.0
24 67% 0% 2.3 0.0
72 33% 0% 1.0 0.0
Severity:

0 = no fungal growth

1 = slight infection (<5 millimeter (mm) diameter)

2 = moderate infection (<1 centimeter (cm) diameter)
3 = high infection (>1 c¢m diameter)

4 = extreme infection (> half-length of fruit)

Example 7

12-Well (7 mL volume per well) microtiter plates are used
for the in vitro inhibition assay for volatile antimicrobial
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compounds. A 3-ml volume of full-strength LB Agar is
added to each well. After cooling, 15 ulL of Escherichia coli,
adjusted to an optical density of 0.02 to 0.035, and further
diluted 1/10 is pipetted to the center of the agar and tilted to
distribute uniformly. Small Whatman #1 filter disks (Cat.
No. 1001-0155) are placed, in duplicate, on the underside of
a polyethylene polymerase chain reaction (PCR) plate seal-
ing film. For determination of the minimum inhibitory
concentration (MIC), Compound A (benzoxaborole; FIG. 1)
is diluted in acetone, and 5 mg of compound is added to the
disks. The acetone is permitted to evaporate for 5 minutes.
The headspace around the Escherichia coli inoculum is then
sealed inside the well by the film with the adhering disk
containing the fungicide. Plates are inverted, placed over the
treated disks and sealed to prevent any of the chemical from
flaking from the disk and falling onto the inoculated agar.
After 3 days of storage at 4° C., cultures were transferred to
23° C. for an additional 2 days, and then evaluated for
colony growth relative to control. Experimental results are
summarized in

TABLE 6

The results suggest that Compound A is able to inhibit Escherichia coli.
Table 6. Results of in vitro assay for volatile fungicide

Rate of Compound A

(mg per disk) Colony Rating
5.00 1
Untreated 3
Not Inoculated 0

Colony Rating:

0 = No colonies

1 = Micro colonies not connected

2 = Small colonies with some merging
3 = Large colonies merging together

Example 8

12-Well (6.5 mL volume per well) microtiter plates are
used for the in vitro inhibition assay for volatile antimicro-
bial compounds. A 3-ml. volume of full-strength Potato
Dextrose Agar (PDA) is added to each well. After cooling,
1 uL of 1x10° per mL Botrytis cinerea, Penicillium expan-
sum, Alternaria alternata, Monilinia fructicola or Glom-
erella cingulata spore suspension is spot-pipetted to the
center of the agar. Plates are inoculated immediately prior to
volatile fungicide treatment. A Whatman #1 filter disk (Cat.
No. 1001-0155) is placed, in duplicate, on the underside of
a polyethylene PCR plate sealing film. For determination of
the minimum inhibitory concentration (MIC), compounds
are diluted in acetone, and the appropriate amount of com-
pound is added to the disks in a dose dependent manner to
achieve a final headspace concentration of 1142.9 to 0.6
mg/L.. The acetone is permitted to evaporate for 5 minutes.
The headspace around the inoculum is then sealed inside the
well by the film with the adhering disk containing the
fungicide by inverting the plates over the treated disks and
sealing to prevent any of the chemical from flaking from the
disk and falling onto the inoculated agar. After 3 days of
storage at 23° C., the cultures are evaluated for percent
growth relative to control based on measurement of fungal
colony diameter. Experimental results are summarized in
Table 7. The results indicate that benzoxaborole compounds
have excellent in vitro activity against five selected plant
fungal pathogens.
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TABLE 7

MIC (mg/L, headspace concentration) of numerous benzoxaborole compounds applied as
a volatile treatment against numerous plant fungal pathogens (Compound 10 is the same as
Compound A, and Compound 11 is the same as Compound B).

Cmpd MIC (mg/L)
Structure # BOTRCI PENIEX ALTEAL MONIFC GLOMCI
O/CH3 6 2.2 17.9 4.5 8.9 17.9
B
AN
O
7 2.2 17.9 8.9 8.9 71.4

O/CHs

§ P
O/ ]

2.2 8.9 4.5

w\;
o

<

&
0
W
v
“
=
N

AN
O
CH;3 9 2.2 8.9 8.9 8.9 35.7
0/4
/ CH;
B
AN
O
/OH 10 2.2 2.2 <0.6 <0.6 <0.6
B
N\
O
F
/OH 11 4.5 17.9 4.5 2.2 35.7
B
AN
O
/O/\/\ 30 2.2 8.9 2.2 2.2 n/a
B CH;
AN
O
F
34 <0.6 2.2 2.2 n/a n/a
/O/\/NH2
B
F
200 10.6 68.3 7.3 6.3 n/a

ry
; O/
el
i
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TABLE 7-continued

MIC (mg/L, headspace concentration) of numerous benzoxaborole compounds applied as
a volatile treatment against numerous plant fungal pathogens (Compound 10 is the same as
Compound A, and Compound 11 is the same as Compound B).

Cmpd MIC (mg/1)
Structure # BOTRCI PENIEX ALTEAL MONIFC GLOMCI
/OH 201 3.8 29.5 16.1 8.5 9.3
B
\
O

Cl

BOTRCI = Botrytis cinerea (gray mold)

PENIEX = Penicillium expansum (blue mold of apple)
ALTEAL = Alternaria alternata (brown spot of tobacco)
MONIFC = Monilinia fructicola (brown rot of apple)
GLOMCI = Glomerella cingulata (anthracnose of pepper)

Example 9

12-Well (6.5 mL volume per well) microtiter plates are
used for the in vitro inhibition assay for volatile antimicro-
bial compounds. A 3-ml volume of full-strength Potato
Dextrose Agar (PDA) is added to each well. After cooling,
1 uL of 1x10° per mL Botrytis cinerea and Penicillium
expansum spore suspension is spot-pipetted to the center of
the agar. Plates are inoculated immediately prior to volatile
fungicide treatment. A Whatman #1 filter disk (Cat. No.
1001-0155) is placed, in duplicate, on the underside of a
polyethylene PCR plate sealing film. For determination of
the minimum inhibitory concentration (MIC), compounds
are diluted in acetone, and the appropriate amount of com-
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pound is added to the disks in a dose dependent manner to
achieve a final headspace concentration of 35.7 to 0.03
mg/L.. The acetone is permitted to evaporate for 5 minutes.
The headspace around the inoculum is then sealed inside the
well by the film with the adhering disk containing the
fungicide by inverting the plates over the treated disks and
sealing to prevent any of the chemical from flaking from the
disk and falling onto the inoculated agar. After 3 days of
storage at 23° C., the cultures are evaluated for percent
growth relative to control based on measurement of fungal
colony diameter. Experimental results are summarized in
Table 8. The results indicate that numerous benzoxaborole
compounds have excellent in vitro activity against two
selected plant fungal pathogens.

TABLE 8

MIC (mg/L) of numerous benzoxaborole compounds applied as a

volatile treatment against Botrytis cinerea and Penicillium expansum plant

fungal pathogens.

Cmpd MIC (mg/L)

Structure # BOTRCI PENIEX

21 11 357
NH,

U:J\o

o

Hj 22 4.5 35.7

38 0.6 8.9
/\/O\

/
B CH;
N\
O



US 9,426,996 B2

39
TABLE 8-continued

MIC (mg/L) of numerous benzoxaborole compounds applied as a
volatile treatment against Botrytis cinerea and Penicillium expansum plant
fungal pathogens.

Cmpd MIC (mg/T,

Structure # BOTRCI PENIEX

O/\/\ 39 0.6 8.9
/ o—CII3

les]
w
>>\:o/

HO\ OH 4+ 54 0.6 4.5
B/ Na
-\
0

/O/\/O 55 4.5 >35.7

62 22 89
/O/\/o

63 1.1 17.9

les]
w
;\:O/
&8
B

o/\/\ 64 1.1 8.9
/

B NI,

72 35.7 >35.7

\ oH
O
F
H 73 35.7 >35.7
/O/\/N
d \/\
\ o
O
F
/CH3 74 2.2 35.7
O/\/N
/ N
B CH;
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MIC (mg/L) of numerous benzoxaborole compounds applied as a

volatile treatment against Botrytis cinerea and Penicillium expansum plant
fungal pathogens.

Cmpd MIC (mg/L

Structure #  BOTRCI PENIEX
/o 86 0.6 8.9
B oH
Oi/\
0
H 87 0.6 8.9
B CH;
N\
0
F
/o CI; 105 0.6 45
B-\--N\—H
0 CH,
F
/OH 114 17.9 >35.7
B
N\
0
N
o
CH; 115 0.6 89
/O CH,
B
AN NH,
0
F
116 1.1 8.9
/ 7//\
B
\ NH,
0
F
OH 121 45 17.9
J -
B---N
N, Or
O H
CH; 122 2.2 17.9
/_.cH
O/Sl/ 3
/ CH;
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TABLE 8-continued

MIC (mg/L) of numerous benzoxaborole compounds applied as a
volatile treatment against Botrytis cinerea and Penicillium expansum plant

fungal pathogens.

Cmpd MIC (mg/L)

Structure # BOTRCI PENIEX

OH 124 4.5 8.9

127 2.2 4.5
N
¢]
F
/écm 129 45 8.9
B
AN
[¢]
F
HO 130 1.1 4.5
\/OH N
B K
/©i>
[¢]
F
HO 132 1.1 4.5
\/CN 4
B Na
/©i>
[¢]
F
F 133 8.9 35.7

134 17.9 >35.7
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MIC (mg/L) of numerous benzoxaborole compounds applied as a
volatile treatment against Botrytis cinerea and Penicillium expansum plant

fungal pathogens.

Cmpd MIC (mg/T,

Structure 4 BOTRCI PENIEX
o—"CHs 135 179 >357
B
N\
0
F
o 136 89 »357
N\
CH,
N
0
F
I, 137 0.3 11
ch
B
N\
0
F
/OH 202 357 1429
B
AN
0
F
F on 203 89 1429
204 89 »357

BOTRCI = Botrytis cinerea (gray mold)
PENIEX = Penicillium expansum (blue mold of apple)

Example 10

12-Well (6.5 mL volume per well) microtiter plates are
used for the in vitro inhibition assay for volatile antimicro-
bial compounds A and B (FIG. 1) against numerous plant
fungal pathogens. A 3-mL volume of full-strength Potato
Dextrose Agar (PDA) is added to each well. After cooling,
1 uL of 1x10° spores per mL of Botrytis cinerea, Penicillium
expansum, Alternaria alternata, Glomerella cingulata,

60

65

Penicillium digitatum, Monilinia fruticola, Aspergillus
brasiliensis, Colletotrichum acutatum, Fusarium sambuci-
num, Phytophthora capsici, Geotrichum candidum, Asper-
gillus niger, Diplodia gossypina or Diaporthe citrii suspen-
sion is spotted onto the center of the agar. A Whatman #1
filter disk (Cat. No. 1001-0155) is placed, in duplicate, on
the underside of a polyethylene PCR plate sealing film. For
determination of the minimum inhibitory concentration
(MIC), test compounds are diluted in acetone, and the
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appropriate amount of compound is added to the disks in a
dose dependent manner to achieve a final headspace con-
centration of 35.7 to 0.03 mg/L.. The acetone is permitted to
evaporate for five minutes. The headspace around the inocu-
lum is then sealed inside the well by the film with the
adhering disk containing the fungicide by inverting the
plates over the treated disks and sealing to prevent any of the
chemical from flaking from the disk and falling onto the
inoculated agar. After 3 days of storage at 23° C., cultures
are evaluated for percent growth relative to control. Results
shown in Table 9 demonstrate the ability of benzoxaborole
compounds A and B to control the growth of numerous
fungal plant pathogens through volatile activity.

TABLE 9

MIC (mg/L) of Compounds A and B applied as a
volatile against numerous fungal plant pathogens

Compound A Compound B
Pathogens MIC MIC
B. cinerea 2.2 4.5
P, expansum 1.1 8.9
M. fruticola 2.2 1.1
A. alternata 2.2 2.2
G. cingulata 17.9 35.7
P. digitatum 2.2 4.5
A. brasiliensis 2.2 0.6
C. acutatum 4.4 8.9
F. sambucinum 1.1 4.5
P. capsici 1.1 na
G. candidum 8.9 8.9
A. niger 2.2 1.1
M. piriformis 1.1 2.2
D. gossypina 1.1 4.5
D. citrii 2.2 17.9

Example 11

12-Well (6.5 mL volume per well) microtiter plates are
used for the in vitro inhibition assay for volatile antimicro-
bial Compound A (FIG. 1) against numerous bacterial patho-
gens. A 3-mL volume of Nutrient agar is added to each well
and allowed to dry before introducing the pathogen.
Escherichia coli, Pectobacterium carotovorum, Xanthomo-
nas axonopodis and Salmonella enterica cell suspensions
are adjusted to an optical density of 0.2 to 0.35, and further
diluted 1/10, and 15 pL is pipetted to the center of each well
and tilted to distribute uniformly. A Whatman #1 filter paper
(CAT 1001-0155) is placed on the underside of a polyeth-
ylene PCR plate sealing film. For determination of minimum
bactericidal concentration (MBC), Compound A is diluted in
acetone, and 50 pl are applied to the disks, in duplicate, in
a dose dependent manner in order to achieve a final head-
space concentration of 71.4 to 0.03 mg/L.. The acetone is
permitted to evaporate for 5 minutes. The films with the
treated disks are then applied over the inoculated plates and
sealed. Plates are inverted, and incubated at 23° C. for 48
hours. After the incubation period, the bacteria colonies are
dislodged in sterile water containing tween 80 (0.001%) and
the optical density (OD; 600 nm) is determined Results are
summarized in Table 10, where the headspace concentration
required to control at least 80% of bacterial growth is
reported. Compound A shows good antimicrobial activity
against numerous bacteria in this in vitro assay.
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TABLE 10

Rate (mg/L) of Compound A offering at least 80% control
against bacterial pathogens

E. coli P. carotovorum X. axonopodis S. enterica
35.7 2.2 4.5 17.9
Example 12

In order to assess the in vivo activity of volatile antimi-
crobial Compound A, a volatile bioassay is developed to
evaluate the control of Escherichia coli and Salmonella
enterica on fresh beef. The beef is washed to remove any
natural inoculum by rinsing in warm water for 2 minutes.
Two strips, single layer, are placed in a sterile 10.8-cup
SnapWare airtight container (Model #109842).

TABLE 11

Colony forming unit (CFU/mL) and log reductions of E. coli and
S. enterica from beef after a volatile treatment with Compound A.

Log
Pathogens Treatments Log CFU/mL reduction
E. coli Control 8.27 3.17
Compound A 5.09
S. enterica  Control 7.38 243
Compound A 4.95

Each strip is inoculated on the surface by placing 20 pl
of either E. coli or S. enterica cell suspensions that are
adjusted to an optical density of 0.35 (600 nm), and further
diluted 1/10. For determination of efficacy, Compound A
powder is introduced into the container with a sublimation
device (copper tube heated to 200° C. with fan flow at 0.5
liters per minute (L/min)) at a rate required to achieve a final
headspace concentration of 100 mg/L.. The containers and
their contents are then incubated for 2 days at 21° C. After
treatment, the beef is washed, and the wash is collected,
serially diluted, plated on nutrient agar, and then incubated
for an additional 24 hours at 37° C. Bacterial colonies are
counted and expressed as colony forming units (CFU/mL),
with the log reduction calculated relative to the control.
Results listed in Table 11 show good antimicrobial activity
of Compound A against E. coli and S. enterica in this in vivo
assay using beef. Compound A demonstrates a 3.17 log
reduction (>99.9%) of E. coli and a 2-log reduction for S.
enterica.

Example 13
In order to assess the in vivo activity of volatile antimi-
crobial Compound A on controlling Botrytis cinerea on

ornamental flowers, a volatile bioassay is developed using
white carnations.

TABLE 12

Botrytis cinerea incidence on carnations treated with Compound A

Compound A Disease incidence (%) on Petals

Rates (mg/L) Day 0 Day 1 Day 2 Day 3 Day 8
1 0 0 0 4 16
0.2 0 8 20 16 36
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TABLE 12-continued

Botrytis cinerea incidence on carnations treated with Compound A

Compound A Disease incidence (%) on Petals
Rates (mg/L) Day 0 Day 1 Day 2 Day 3 Day 8
0.04 0 0 16 40 92
Control 0 68 92 96 100

Five carnations are placed in an 800 mL jar containing
200 mL of a common commercial flower preservative. Five
jars are then placed in a 117 L Rubbermaid storage box (Cat
#2244). The petals are uniformly spray-inoculated with 5
mL of 1x10° spores/mL of Botrytis cinerea suspension. The
tub is closed tightly. For treatment application, Compound A
is dissolved in an aqueous 1,2-propylene glycol solution
(3:1) and 5 mL of the solution is volatilized into the
container using an ES-100-H SmartFog system (Reno, Nev.)
through a 12" side port that is sealed immediately after the
application. The flowers are incubated for 3 days at 21° C.
After storage, the flowers are evaluated for incidence based
on presence of disease on flower petals relative to untreated
control flowers for up to 8 days at 21° C., with results
summarized in Table 12. Compound A at 1 mg/LL shows 0%
incidence 2 days after treatment removal and only 16%
incidence after 8 days, and generally demonstrates good
volatile antimicrobial activity against Botrytis cinerea in this
in vivo analysis of infection in an ornamental flower.

Example 14

A similar test like the one described above is also per-
formed on white carnations (treated with or without the
commercial anti-ethylene compound silver thiosulfate; STS)
with natural inoculum. Compound A is either dissolved in an
aqueous 1,2-propylene glycol solution (3:1) and 5 mL of the
solution volatilized using an ES-100-H SmartFog system
(Reno, Nev.) through a 12" side port that is sealed immedi-
ately after the application, or dissolved in acetone and
applied to a 42.5 millimeter (mm) Whatman #1 filter disk
(Cat. No. 1001-042), and placed on a watch glass after
allowing the acetone to evaporate for 5 minutes. The flowers
are incubated for 3 days at 21° C. After storage, the flowers
are evaluated for an additional 8 days for disease severity
based on the number of lesions present on flower petals and
sepals. Results listed in Table 13 show good antimicrobial
activity against Botrytis cinerea in this in vivo analysis.

TABLE 13

Botrytis cinerea severity after 8 days of shelf-life based on number of
lesions on petals and sepals after an active fog or passive volatile
treatment with Compound A.

Severity (Average Number of Lesions)
Compound A Non-STS STS
Plant Part Rate (mg/L) Fog Volatile Fog Volatile
Petals 1 0 1.5 0 0.1
0.2 0 1.8 0 0.1
0.04 0.4 3.1 0.3 0.5
0 2.1 18.8 7.7 43.2
Sepals 1 0.04 1 0.04 0.2
0.2 0.04 1.6 0.1 0.3
0.04 0.3 2.1 0.6 1.1
0 4.5 4.8 6.8 3.6
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Example 15

A similar test like the one described above is also per-
formed on white roses with natural inoculum. Five white
roses are placed in an 800 mL jar containing 200 mL of a
common commercial flower preservative.

TABLE 14

Botrytis cinerea incidence and severity based on infection on petals
and sepals of white roses after a three day volatile treatment of
Compound A at 21° C., and an additional two days at 21° C.

Applied through Volatilized from

sublimation Whatman Filter
Compound A Incidence Incidence  Severity
Rate (mg/L) (%) Severity (0-4)* (%) (0-4)*
1 0 0 533 1.6
0.2 133 0.5 66.7 1.8
0.04 46.7 1.7 46.7 1.1
Control- Acetone 80 2.9 86.7 24
Control 100 3.1 100 3.1
*Severity Rating
0 = No disease

1 = Browning and small lesions on the sepals or petals

2 = Browning, petals covered with fungal spores

3 = Browning, petals covered with fungal spores, some petal drop

4 = Browning, petals covered with fungal spores, some flowers aborted

Three jars are then placed in a 117 L Rubbermaid storage
box (Cat #2244). Two small fans are place in opposite ends
of the container to assist with the volatile distribution of
compound A. The tub is closed tightly, and then Compound
A is diluted in acetone, and then pipetted onto a 1.5 inchx1
inch cotton strip. The acetone is allowed to evaporate for five
minutes. Compound A is then introduced to the containers
by a sublimation device (copper tube heated to 200° C. with
fan flow at 0.5 L/min) to achieve a final headspace concen-
tration of 0.04, 0.2, 1 mg/L, through a 4" side port that is
sealed immediately after the application. Alternatively,
Compound A is pipetted onto a 42.5 mm Whatman #1 filter
disk (Cat. No. 1001-042), supported by a watch glass, where
the acetone is allowed to evaporate for five minutes prior to
sealing the container. The flowers are incubated for three
days at 21° C. After treatment, flowers are evaluated for an
additional two days for disease incidence and severity of the
flower petals. Applying a treatment at 1 mg/l. through
sublimation results in 0% incidence. Rose petals after treat-
ment with Compound A have no disease incidence, retained
white color, and the roses had no petal drop. Results listed
in Table 14 show good antimicrobial activity against Botry-
tis cinerea infection of white roses, and that enhancing the
rate of volatilization through sublimation resulted in greater
disease control.

Example 16

To test the effect of Compound A (FIG. 1) on vegetables,
potato, onion and squash were obtained from a local store,
and the surface sterilized with 0.825% sodium hypochlorite
(NaOCl). A slice of potato or two leaves of onion were
placed in a sterile Petri plate, while whole squash were
placed in a sterile 10.8-cup SnapWare airtight container
(Model #109842). Each slice of potato was inoculated with
20 uL of a 1x10° spores/mL Fusarium sambucinum suspen-
sion, while onions were inoculated with 20 uL of a 1x10°
spores/mL. Botrytis cinerea suspension. For inoculation of
squash, a small core was removed, and a mycelial plug of
Phytophthora capsici was inserted and capped with the core.
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Compound A was diluted in acetone, and added to a 42.5
mm Whatman #1 filter disk (Cat. No. 1001-042) attached to
the inner side of the lid at a rate to achieve a final headspace
concentration of 10 mg/L.. The acetone was permitted to
evaporate for 5 minutes before parafilm sealing the plates or
closing the airtight containers. The vegetables were incu-
bated at 21° C. for 3 days, and evaluated for mycelial
growth, dry rot, and water-soaked appearance (mm diam-
eter) with results summarized in Table 13. Compound A
demonstrated good fungal control of 3 plant pathogens using
3 different vegetable crops in this in vivo assay.

TABLE 15

Effect of Compound A at controlling fungal growth
on potato, onion and squash.

Potato Onion Squash
Fusarium Botrytis Phytophthora
sambucinum cinerea capsici
Mycelial Water  Water  Mycelial
Treatments growth  Dry rot soaked soaked — growth
10 mg/L 0 0 0 5.3 1.1
Control-acetone 4.3 4.7 7 24 174
Control-no acetone 31.6 10.3 8.5 30.9 24.7
Example 17

To test the effect of Compound A at controlling bacterial
pathogens of vegetables, potato, onion and carrot are
chopped into small cubes and surface sterilized with 0.825%
NaOCl and allowed to dry. Four small cubes (approximately
1 square centimeter (cm?)) of each vegetable are placed in
a sterile Petri plate. Each cube is inoculated with 25 pl. of
Pectobacterium carotovorum (bacterial concentration of OD
1.0, 600 nm). For determination of efficacy, Compound A is
diluted in acetone, and the appropriate volume to achieve a
final headspace concentration of 50 mg/L. is added to a 42.5
mm Whatman #1 filter disk (Cat. No. 1001-042) attached to
the inner side of the lid. The acetone is permitted to
evaporate for five minutes before closing the plate and
sealing it with parafilm. The vegetables are incubated at 10
C for four days. Results listed in Table 16 demonstrate
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antimicrobial activity against P, carotovorum on onion (2.14
log reduction), carrot (0.29 log reduction) and potato (0.84
log reduction) in this in vivo analysis.

TABLE 16

Effects of Compound A (50 mg/L) in reducing growth
of P_carotovorum on potato, onion and carrot.

Crops Treatments Log CFU/mL Log reduction
Potato Control 7.47

Compound A 6.63 0.84
Onion Control 8.13

Compound A 5.99 2.14
Carrot Control 6.36

Compound A 6.06 0.29

Example 18

In order to assess the in vivo activity of volatile antimi-
crobial Compound A in fruit, a volatile bioassay is devel-
oped using strawberry, grape and blueberry. Eight strawber-
ries, 16 grapes or 30 blueberries (per replicate) are placed in
a commercially relevant sized PET clamshell, with the stem
end facing up for blueberries and grapes, and downwards for
strawberries. A fresh wound is inoculated with 20 pl (straw-
berry and grape) or 10 pL (blueberry) of 1x10° per mL
Botrytis cinerea spore suspension. The clamshells are placed
inside a 10.8-cup SnapWare airtight container (Model
#109842). A 42.5 mm Whatman #1 filter disk (Cat. No.
1001-042) is placed on a watch glass. Compound A is
dissolved in acetone and added to the disks in a dose
dependent manner to produce a final headspace concentra-
tion of 0.4, 2, or 10 mg/L.. The acetone is permitted to
evaporate for five minutes. The containers are then closed
with lids and placed for three days at 21° C. After storage,
fruits are evaluated for incidence and severity (0 to 4) of
disease for an additional three days at 21° C., with results
summarized in Table 17. Results demonstrate good in vivo
volatile antimicrobial control of Botrytis cinerea with
approximately 50% lower incidence and dramatically lower
severity for strawberry, grape and blueberry after three days
of shelf-life.

TABLE 17

Effect of a three day volatile treatment of Compound A (0.4, 2 or 10 mg/L)

in controlling the incidence and severity of B. cinerea infection of strawberry, grape and

blueberry during a 3three day post-treatment evaluation period at 21° C.

Strawberry Grape Blueberry

Compound A  Evaluation Incidence Severity Incidence Severity Incidence Severity

Rate (mg/L) Days (%) (0-4) (%) (0-4) (%) (0-4)

10 0 7.1 0 0 0 12.9 0.1

2 0 14.3 0.1 0 0 9.7 0
0.4 0 0 0 3.1 0 21 0.1
Control 0 50 0.4 100 2.3 95.2 1.2
10 1 35.7 0.2 0 0 12.9 0.1

2 1 50 0.3 0 0 9.7 0
0.4 1 214 0.1 3.1 0 21 0.2
Control 1 100 1 100 2.5 100 1.7
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TABLE 17-continued

Effect of a three day volatile treatment of Compound A (0.4, 2 or 10 mg/L)
in controlling the incidence and severity of B. cinerea infection of strawberry, grape and
blueberry during a 3three day post-treatment evaluation period at 21° C.

Strawberry Grape Blueberry
Compound A  Evaluation Incidence Severity Incidence Severity Incidence Severity

Rate (mg/L) Days (%) (0-4) (%) (0-4) (%) (0-4)
10 2 429 0.5 3.1 0 12.9 0.2
2 2 50 0.3 0 0 9.7 0.1
0.4 2 21.4 0.1 15.6 0.2 40.3 0.5
Control 2 100 2.2 100 2.7 100 1.9
10 3 429 0.8 56.3 0.4 41.9 0.6
2 3 64.3 0.5 56.3 0.3 40.3 0.6

0.4 3 28.6 0.5 62.5 0.5 62.9 1
Control 3 100 2.7 100 3.8 100 2.1

*Severity

0 = no fungal growth

1 = slight infection (only visible inside wound with microscope)
2 = moderate infection (visible growth at the point of inoculation)
3 = high infection (>1 cm diameter cone of Botrytis)

4 = extreme infection (>half-length of fruit)

In order to assess the in vivo activity of volatile antimi-
crobial Compound A in fruit, a volatile bioassay is devel-

Example 19 TABLE 18-continued
25

Incidence and severity of Penicillium digitatum on oranges as depicted by
water soaked lesion and fungal spores on the surface of the fruits

oped using orange fruit. Two oranges are placed inside a Compound A Water soaked Lesions (mm) ___Sporulation (mm)
PET clamshell. Three fresh wounds per orange are inocu-

lated with 30 uL of 1x10° per mL Penicillium digitatum 50 L Rate (mg/l)  Day0 Dayl Day2 Day0 Dayl Day2
spore suspension. The clamshells are placed inside a 10.8- B 0 0 134 0 04 27
cup SnapWare airtight container (Model #109842). A 42.5 Control 178 312 524 5 151 356

mm Whatman #1 filter disk (Cat. No. 1001-042) is placed on

a watch glass. Compound A is dissolved in acetone and

added to the disks in a dose dependent manner to produce a Example 20

final headspace concentration of 2, 10, or 50 mg/L. The 33

acetone is permitted to evaporate for five minutes. The

containers are then closed with the lids and placed for three In order to assess the in vivo activity of volatile antimi-
days at 21° C. After storage, fruits are evaluated for disease crobial Compound A in fruit, a volatile bioassay is devel-
incidence (mm diameter of the rot) and pathogen sporulation oped using apple. Two apples are placed inside a PET

(mm diameter) on the surface of the fruits for an additional 40 clamshell. Three fresh wounds per apple are inoculated with
two days at 21° C., with results summarized in Table 18. 30 uL of 1x10° per mL Penicillium expansum spore sus-

Results demonstrate gOOd in vivo volatile antimicrobial pension. The clamshells are placed inside a lO.S_Cup Snap_
control of P digitatum in inoculated orange, especially at Ware airtight container (Model #109842). A 42.5 mm What-
rates greater than 10 mg/L. man #1 filter disk (Cat. No. 1001-042) is placed on a watch

45 glass. Compound A is dissolved in acetone and added to the
TABLE 18 disks in a manner to produce a final headspace concentration

of 50 mg/L.. The acetone is permitted to evaporate for five

Incidence and severity of Pewnicillium digitatum on oranges as depicted by minutes. The containers are then closed with the lids. and
- 3

water soaked lesion and fungal spores on the surface of the fruits

placed for three days at 21° C. After storage, fruits are

Compound A _Water soaked Lesions (mm) Sporulation (mm) 50 evaluated for disease incidence (mm diameter of the rot) and
pathogen sporulation (mm diameter) on the surface of the

Rate ng/L) ~ Day0 Dayl Day2 Day0 Dayl Day2 fruits for an additional three days at 21° C., with results
50 0 0 5 0 0 1.2 summarized in Table 19. Results demonstrate 100% in vivo

10 0 0 9 0.5 04 25 volatile antimicrobial control of P. expansum mold of apple

up to 3 days after treatment.
TABLE 19

Incidence and severity of Pewnicillium expansum on apples as depicted by a brown
rot and fungal spores on the surface of the fruits

Compound A Rot (mm) Sporulation (mm)

Rate (mg/L) Day0 Dayl Day2 Day3 Day0 Dayl Day2 Day3

50 0 0 0 0
Control 15.9 20.1 25.7 30 3.5 3.9 3.9 6.5
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Example 21

In order to assess the in vivo activity of volatile antimi-
crobial Compound B in fruit, a volatile bioassay is devel-
oped using orange. Two oranges per replicate are placed
inside a clamshell. Three fresh wounds per orange are
inoculated with 30 uL of 1x10° per mL Penicillium digita-
tum spore suspension. The clamshells are placed inside a
10.8-cup SnapWare airtight container (Model #109842).
Compound B powder is introduced to the containers by a
sublimation device (copper tube heated to 200° C. with fan
flow at 0.5 L/min) to achieve a final headspace concentration
0f'0.4,2, 10, or 50 mg/L.. The containers are then closed with
the lids and placed for three days at 21° C. After storage,
fruits are evaluated for disease incidence (mm diameter of
the rot) and pathogen sporulation (mm diameter) on the
surface of the fruits for an additional three days at 21° C.,
with results summarized in Table 20. Results demonstrate
good in vivo volatile inhibition of P. digitatum in orange at

56

fruits except for strawberry (stem end facing downwards).
A fresh wound is inoculated with 20 pL 1x10° per
ml. Penicillium expansum spore suspension (apple and
pear), 20 uL 1x10° per mL Penicillium digitatum
spore suspension (orange), and 20 pl, (strawberry and grape)
or 10 uL (blueberry) of 1x10° per mL Botrytis cinerea
spore suspension. The clamshells are placed inside a 117 L
Rubbermaid storage box (Cat #2244) with lids
closed. Compound A, dissolved in acetone, is pipetted
onto a cotton strip, where the acetone is allowed to evaporate
for five minutes, and then introduced into the container by
a sublimation device (copper tube heated to 200° C.
with fan flow at 0.5 L/min) to achieve a final headspace
concentration of 10 mg/[.. The containers are then held
for three days at 21° C. After treatment, fruits are held for an
additional three days at 21° C., then evaluated for

rates of 0.4 mg/l. and complete inhibition at 10 mg/L.. disease incidence (mm diameter of browning or
TABLE 20
Incidence and severity of Penicillium digitatum on oranges as
depicted by water soaked lesion and fungal spores on the surface
of the fruits after a treatment with Compound B.
Compound B Water soaked lesions (mm) Sporulation (mm)
Rate (mg/L) Day 0 Day 1 Day 2 Day 3 Day 0 Day 1 Day 2 Day 3
50 0 0 0 0 0 0 0 0
10 0 0 0 0.8 0 0 0 0
2 0.5 7.8 30.7 42.6 0 0.3 2.8 5.7
0.4 5.7 29.4 49.3 63.4 0.7 1.4 8.1 27.2
Control 12.3 355 61.1 83.2 0.3 2.7 8.5 44.5
Example 22 water-soaked  lesions) and  pathogen  sporulation

To assess the in vivo activity of volatile antimicrobial
Compound A (FIG. 1) in fruit, a volatile bioassay is devel-
oped using apple, pear, orange, strawberry, grape and blue-
berry. Two apples, 2 oranges, 2 pears, 8 strawberries, 16
grapes or 30 blueberries (per replicate, in duplicate) are
placed in a clamshell with the stem end facing up for all

40

45

(mm diameter) for apple, pear and orange, as well as Borrytis

cinerea disease incidence (%) and severity (0 to
4) for strawberry, grape and blueberry, with results summa-
rized in Table 21. Results demonstrate good in vivo
antimicrobial control of at least three fungal pathogens
on at least six different hosts when applied as a volatile

fungicide.

TABLE 21

Effects of subliming Compound A as reflected by incidence and severity of B. cinerea
on strawberry, grape and blueberry, and severity on oranges, apples and pears as depicted by
water soaked lesions, browning and sporulation after a three day treatment plus an additional

three days at 21° C.

Treatment Incidence (%) Severity (0-4)
(10 mg/L) Strawberry  Blueberry Grape Strawberry Blueberry Grape
Compound A 18.8 5 26.7 0.09 0.03 0.1
Control 100 100 80 3.6 2.2 0.9
Water soaked

lesion Browning (mm) Sporulation (mm)

Orange Apple Pear Apple Orange Pear
Compound A 3.04 5.4 2.7 0 8.55 0
Control 50.5 1.5 233 4.8 33.2 15.5




US 9,426,996 B2

57
Example 23

To compare the ability of Compound A when actively
volatilized by different mechanisms, an in vivo assay using
strawberry is performed. Eight strawberries are placed in a
clamshell with stem end facing downwards. A fresh wound
is inoculated with 20 uL of 1x10° per mL Botrytis cinerea
spore suspension. The clamshell is placed in a 10.8-cup
SnapWare airtight container (Model #109842) and closed
with the lids. Compound A is dissolved in acetone and
volatilized through a sealable Y2 inch side port by an
ES-100-H SmartFog system (Reno, Nev.). Alternatively,
Compound A, dissolved in acetone, is pipetted onto a cotton
strip, where the acetone is allowed to evaporate for five
minutes, and then introduced into the container by a subli-
mation device (copper tube heated to 200° C. with fan flow
at 0.5 L/min) to achieve a final headspace concentration of
10 mg/L. The fruits are stored for three days at 21° C. After
the three days of treatment, fruit are stored for an additional
three days at 21° C., and then evaluated for incidence (%)
and severity of disease (0 to 4). Results are summarized in
Table 22 and demonstrate good antimicrobial activity
against Botrytis cinerea in this in vivo analysis, indicating
that Compound A is an effective volatile antimicrobial.

TABLE 22

Effects of different volatile application methods of Compound A
as reflected by incidence and severity of Botrytis cinerea on strawberry
after a three day treatment plus an additional three days at 21° C.

Treatments Incidence (%)  Severity (0 to 4)
Fog, 10 mg/L. Compound A 6.3 0.03

Fog, control 62.5 1.6
Sublimation, 10 mg/L. Compound A 0.0 0.0
Sublimation, control 100.0 3.7

Example 24

An in vivo assay is used to evaluate the ability of
Compound A to volatilize from different materials and
control fungal pathogens. FEight strawberries are placed in a
clamshell with stem end facing downwards. A fresh wound
is inoculated with 20 uL of 1x10° per mL Botrytis cinerea
spore suspension. The clamshells are then placed in a
10.8-cup SnapWare airtight container (Model #109842).
Compound A is dissolved in acetone and then evenly
sprayed onto cellulose paper and Tyvek® fabric at a rate of
200 milligrams per square meter (mg/m?). The acetone is
allowed to evaporate. Likewise Compound A is dissolved in
propylene glycol and evenly sprayed onto cellulose paper
and Tyvek® fabric. No evaporation is attempted in this case.

TABLE 23

Effects of different films and subsequent release of Compound A
on the incidence and severity of Botrytis cinerea on strawberries
after a three day treatment and additional two day storage at 21° C.

Rate (mg/L) Type of Film Incidence (%) Severity (0-4)

0.4 Cellulose Paper 37.5 0.8

2 Cellulose Paper 37.5 0.7
10 Cellulose Paper 12.5 0.2
0.4 Tyvek ® 313 0.5

2 Tyvek ® 6.3 0.1
10 Tyvek ® 6.3 0.3
Control No film 100 2.5
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Pieces of material are cut to the appropriate dimensions to
deliver a final headspace concentration of 0.4, 2, or 10 mg/L..
The containers are close, and placed for three days at 21° C.
After treatment, fruit are stored for an additional two days at
21° C. and then evaluated for incidence (%) and severity (0
to 4) of disease, with the results summarized in Table 23.
Results demonstrate good in vivo antimicrobial activity of
Compound A against Botrytis cinerea, with a reduction in
incidence and severity at all rates, in a dose dependent
manner, and that the volatile compound can be released from
different materials.

Example 25

An in vivo assay is used to evaluate the ability of
Compound A to volatilize from different materials and
control fungal pathogens. Fight strawberries are placed in a
clamshell with the stem end facing downwards. A fresh
wound is inoculated with 20 uL of 1x10° per mL Botrytis
cinerea spore suspension. The clamshells are then placed in
a 10.8-cup SnapWare airtight container (Model #109842).
As a substrate for Compound A, either a 42.5 mm Whatman
#1 filter disk (Cat. No. 1001-042) placed on a watch glass or
10 square centimeter (cm?) pieces of cardboard typically
used for packaging strawberries was used. Compound A is
dissolved in acetone and either pipetted on the disk or
painted on the cardboard at a rate to achieve a final head-
space concentration of 0.4, 2, or 10 mg/L.. The acetone is
permitted to evaporate for five minutes. The containers are
closed, and placed for three days at 21° C. After treatment,
fruit are stored for an additional two days at 21° C. and then
evaluated for incidence (%) and severity (0 to 4) of disease,
with the results summarized in Table 24. Results demon-
strate good in vivo antimicrobial activity of Compound A
against Botrytis cinerea, with a reduction in incidence and
severity at all rates, in a dose dependent manner, and that the
volatile compound can be released from different materials.

TABLE 24

Effects of different films and subsequent release of Compound A on the
incidence and severity of Botrytis cinerea on strawberries after a three

day treatment and additional two day storage at 21° C.

Rate (mg/L) Type of Material Incidence (%) Severity (0-4)

10 Cardboard 25 0.2
2 Cardboard 37.5 0.3
0.4 Cardboard 87.5 0.9

Control Cardboard 93.8 2.7

10 Filter Paper 18.8 0.3
2 Filter Paper 37.5 0.6
0.4 Filter Paper 56.3 2.5

Control Filter Paper 100 2.5
Example 26

An in vitro assay is used to evaluate the ability of
Compound A (FIG. 1) to volatilize from different materials
and control fungal growth.
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TABLE 25

60
TABLE 26-continued

Effects of different materials on the volatile release of Compound A
and the subsequent in vitro inhibition (MIC) of Botrytis cinerea.

Effect of a 10 mg/L headspace treatment of Compound A in
controlling Aspergilius brasiliensis growth on grains.

Material MIC (mg/L)
Polyethylene 0.28
PTFE-Coated Fiberglass 0.56
Fiberglass 0.56
Cellulose 0.56
Silica 0.56
Aramid and Fiberglass 0.56
Vinyl-Coated Polyester 0.56
Acrylic-Coated Fiberglass 0.56
Silicone-Coated Fiberglass 0.56
PTFE 1.1
Cardboard 2.2
Aramid 2.2

PTFE-Coated (8577K81), Fiberglass (8816kl), Silica
(8799K3), Aramid and Fiberglass (8821K4), Vinyl-Coated
Polyester (8843K31), Acrylic-Coated Fiberglass (8838K2),
Silicone-Coated Fiberglass (87815K 1), Aramid (McMaster-
Carr, Santa Fe Springs, Calif.-1206T1), Polyethylene PCR
sealing film, Cellulose (Whatman #1, Cat No. 1001-0155),
and Cardboard are cut into disks of 15 mm diameter. 12-Well
(6.5 mL volume per well) microtiter plates are used for the
in vitro inhibition assay for volatile antimicrobial com-
pounds. A 3-mL volume of full-strength Potato Dextrose
Agar (PDA) is added to each well. After cooling, 1 pL. of
1x10° per mL Botrytis cinerea spore suspension is spot-
pipetted to the center of the agar. Plates are inoculated
immediately prior to volatile fungicide treatment. The vari-
ous materials are placed, in duplicate, on the underside of a
polyethylene PCR plate sealing film. For determination of
the minimum inhibitory concentration (MIC), compounds
are diluted in acetone, and the appropriate amount of com-
pound is added to the materials in a dose dependent manner
to achieve a final headspace concentration of 35.7 to 0.03
mg/L. The acetone is permitted to evaporate for five min-
utes. The headspace around the Botrytis cinerea inoculum is
then sealed inside the well by the film with the adhering disk
of material containing the fungicide. Plates are inverted,
placed over the treated disks and sealed to prevent any of the
chemical from flaking from the disk and falling onto the
inoculated agar. After three days of storage at 23° C., the
cultures are evaluated for percent growth relative to control
based on measurement of fungal colony diameter. Experi-
mental results are summarized in Table 25. The results
indicate that Compound A can volatilize from numerous
materials to inhibit the in vitro growth of Botrytis cinerea
with similar levels of control.

Example 27

An in vivo assay is used to evaluate the ability of
Compound A to control fungal growth of seeds.

TABLE 26

Effect of a 10 mg/L headspace treatment of Compound A in
controlling Aspergillus brasiliensis growth on grains.

Fungal growth on PDA (mm)

Grains Compound A Control-Acetone Control-No Acetone
Barley 0 12.8 21.7
Corn Dry 0 10.1 22.8
Millet 0 7.2 19.1
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Fungal growth on PDA (mm)

Grains Compound A Control-Acetone Control-No Acetone
Rice 0 7.5 21.6

Rye 0 8.4 21

Wheat 0 8.1 224

Grains consisting of corn, wheat, rice, rye, millet and
barley are surface sterilized with 0.825% NaOCI for 1
minute and rinsed thrice with sterile distilled water. The
grains are inoculated by soaking them in a 1x10° spores/mL
suspension of Aspergillus brasiliensis for 1 minute. The
excess inoculum is blotted out with a sterile paper towel
before plating five seeds in a Petri plate containing 25 mL of
PDA. For determination of efficacy, Compound A is diluted
in acetone and added to 42.5 mm Whatman #1 filter disks
(Cat. No. 1001-042) attached to the inner side of the lid in
a dose dependent manner to achieve a final headspace
concentration of 0.4, 2, or 10 mg/L. The acetone is permitted
to evaporate for five minutes before closing plate and sealing
it with parafilm. The plates are incubated at 23° C. for three
days. After storage, the grains are evaluated for mycelial
colony diameter (mm), with results summarized in Table 26.
Results demonstrate 100% control of Aspergillus brasilien-
sis in this in vivo analysis.

Example 28
To evaluate a combination treatment of Compound A with

1-methylcyclopropene (1-MCP), an in vivo experiment is
performed on white roses.

TABLE 27

Botrytis cinerea incidence and severity based on infection on petals
and sepals of white roses after a 24 hours treatment with 1-MCP
followed by a three day volatile treatment of Compound A
at 21° C. and an additional five days at 21° C.

Treatments Incidence (%) Severity* (0-4)
Control 66.7 2.0
1-MCP 33.3 0.4
0.008 mg/L 20.0 0.2
0.04 mg/L 20.0 0.03
0.2 mg/L 0.0 0.0
0.008 mg/L + 1-MCP 6.7 0.9
0.04 mg/L + 1-MCP 0.0 0.0
0.2 mg/L + 1-MCP 0.0 0.0

*Severity Rating

0 = No disease

1 = Browning and small lesions on the sepals or petals

2 = Browning, petals covered with fungal spores

3 = Browning, petals covered with fungal spores, some petal drop

4 = Browning, petals covered with fungal spores, some flowers aborted

Five white roses are placed in an 800 mL jar containing
200 mL of a common commercial flower preservative. Three
jars are then placed in a 117 L Rubbermaid storage box (Cat
#2244). Two small fans are placed in opposite ends of the
container to assist with the distribution of the two volatiles.
A 500 parts per billion (ppb) volume per volume (v/v)
1-MCP treatment is applied (AgroFresh, Springhouse, Pa.)
for 24 hours at 21° C. After the 1-MCP treatment is
completed, the containers are vented, and Compound A
powder is applied in a dose dependent manner to achieve a
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final headspace concentration of 0.2, 0.04, or 0.008 mg/L.
with a sublimation device (copper tube heated to 200° C.
with fan flow at 0.5 L/min), with the end of the tube
penetrating through a % inch side port in the container that
is sealed immediately after the application. The flowers are
incubated for three days at 21° C. After treatment, the
flowers are evaluated for an additional seven days at 21° C.
for disease incidence and severity of the flower petals.
Results listed in Table 27 show good antimicrobial activity
against Botrytis cinerea infection of white roses, and that
enhancing the rate of volatilization through sublimation
resulted in greater disease control. Also treatment with
1-MCP shows reduced petal drop as reflected by severity
scores.

Example 29
To evaluate a combination treatment of Compound A with

1-methylcyclopropene (1-MCP), an in vivo experiment is
performed on broccoli.

TABLE 28

Effects of Compound A and 1-MCP in controlling Alternaria rot and
yellowing of broccoli, respectively, five or three days treatment at
10 or 21° C. with additional two days at 21° C.

21° C. 11 C.

Treatments (mg/L) Severity Color Score* Severity Color Score™*

Control 1.5 2.39 0.18 1.55
1-MCP 0.61 1.79 0.18 1.50
0.4 mg/L 0.29 1.32 0.00 1.75
2 mg/L 0.07 1.89 0.00 2.1
0.4 mg/L + 1-MCP 0.21 0.93 0.00 1.39
2 mg/L + 1-MCP 0.07 1.93 0.00 2.23

Color Score Rating

0 = green, regular looking broccoli

1 = Few light green spots

2 = Light green and yellow spots

3 = Light green, yellow and some brown
4 = Mostly yellow and brown

Broccoli flowers are inoculated with 1x10° spores/mL of
Alternaria alternata and then placed in a 117 L. Rubbermaid
storage box (Cat #2244) with two small fans placed in
opposite ends of the container. A 500 ppb v/v 1-MCP
treatment is applied (AgroFresh, Springhouse, Pa.) for 24
hours at 1° C. After completion of the 1-MCP treatment,
broccoli florets are removed and placed in a 10.8-cup
SnapWare airtight container (Model #109842). Compound
A powder is applied in a dose dependent manner to achieve
a final headspace concentration of 2 or 0.4 mg/[L with a
sublimation device (copper tube heated to 200° C. with fan
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flow at 0.5 L/min), with the end of the tube penetrating
through a %2 inch side port in the container that is sealed
immediately after the application. The florets are incubated
for five days at 10° C. or three days at 21° C., then evaluated
for an additional five days at 21° C. for disease incidence and
severity. Results listed in Table 28 show good antimicrobial
activity against Alternaria alternata infection.

Example 30

To evaluate a combination treatment of Compound A with
1-methylcyclopropene (1-MCP), an in vivo experiment is
performed on tomato. Each tomato fruit is wounded three
times and inoculated with 1x10° spores/mL of Alternaria
alternata and then placed in a 117 L. Rubbermaid storage
box (Cat #2244) with two small fans placed in opposite ends
of the container. A 1000 ppb v/v 1-MCP treatment is applied
(AgroFresh, Springhouse, Pa.) for 24 hours at 21° C. After
completion of the 1-MCP treatment, the tomatoes are
removed and placed in a 10.8-cup SnapWare airtight con-
tainer (Model #109842). Compound A powder is applied in
a dose dependent manner to achieve a final headspace
concentration of 2 or 0.4 mg/L. with a sublimation device
(copper tube heated to 200° C. with fan flow at 0.5 L/min),
with the end of the tube penetrating through a Y% inch side
port in the container that is sealed immediately after the
application. The tomatoes are incubated for three days at 21°
C., then evaluated for an additional three days at 21° C. for
disease incidence and severity. Results listed in Table 29
show good activity against Alternaria alternata infection of
tomato.

TABLE 29

Effects of Compound A and 1-MCP in controlling Alternaria rot
on tomatoes, three days treatment at 21° C.
with additional three days at 21° C.

Compound A Diameter of the rot (mm)
Control 14.8
1-MCP 13.6
0.4 mg/L 3.8
2 mg/L 0.0
0.4 mg/L + 1-MCP 3.8
2 mg/L + 1-MCP 0.0

Example 31

To assess the in vivo activity of volatile antimicrobial
Compounds A and B (FIG. 1) in fruit, a volatile bioassay is
developed using apple, pear, orange, strawberry, grape and
blueberry.

TABLE 30

Effects of subliming Compounds A and B as reflected by incidence and severity of
B. cinerea on strawberry, grape and blueberry, and severity on oranges, apples and pears as
depicted by water soaked lesions, browning and sporulation after a three day treatment plus an

additional three days at 21° C.

Treatments Incidence (%) Severity (0-4)

(1 mg/L) Strawberry  Blueberry Grape Strawberry  Blueberry Grape
Compound A 0.0 0.0 0.0 0.0 0.0 0.0
Compound B 0.0 0.0 0.0 0.0 0.0 0.0
Control 100.0 100.0 100.0 3.9 2.5 1.9
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TABLE 30-continued
Effects of subliming Compounds A and B as reflected by incidence and severity of
B. cinerea on strawberry, grape and blueberry, and severity on oranges, apples and pears as
depicted by water soaked lesions, browning and sporulation after a three day treatment plus an
additional three days at 21° C.
Water
soaked
lesion Browning (mm) Sporulation (mm)
Orange Apple Pear Apple Orange Pear
Compound A 0.0 0.8 4.7 0.0 0.0 0.0
Compound B 0.0 2.3 1.1 0.2 0.0 0.0
Control 73.2 21.7 29.7 46.0 5.2 18.5
15
Two apples, 2 oranges, 2 pears, 8 strawberries, 16 grapes TABLE 31
or 30 blueberries (per replicate, in duplicate) are placed in a N - -
. . . The in vitro MIC for Compound A as a
clamshell with the stem end facing up for all fruits except for contact fungicide for mycelial growth inhibition of
strawberry (stem end facing downwards). A fresh wound is ¢ Penicillium_expansum_and Penicillium digitatum.
. . s .
inoculated qul 20 ulL 1x10° per mL Penicillium expansum Pathogen Incidence (%)
spore suspension (apple and pear), 20 uL 1x10° per mL
Penicillium digitatum spore suspension (orange), and 20 ul Rate (mg/L) £ expansum L. digitatum
(strawberry and grape) or 10 uL (blueberry) of 1x10° per mL 55 10 0.0 0.0
Botrytis cinerea spore suspension. The clamshells are placed é 4 32'8 12'2
inside a 117 L Rubbermaid storage box (Cat #2244) with lids 0.08 931 420
closed. Compound A and B powders are introduced to the
containers by a sublimation device (copper tube heated to
200° C. with fan flow at 0.5 L/min) to achieve a final 39 Example 33
headspace concentration of 1 mg/L. The containers are then
held for three days at 21° C. After treatment, fruits are held In order to assess the activity of Compound A (FIG. 1) as
for an additional three days at 21° C., then evaluated for a contact drench fungicide, an in VIVO assay 1S d.eveloped.
disease incidence (mm diameter of browning or water- 35 Two apples or 2 oranges (per replicate, in duplicate) are
. . - placed in a clamshell, and three fresh wounds near the
soaked lesions) and pathogen sporulation (mm diameter) for . . . .
le, pear and orange, as well as Botrytis cinerea disease equatorial region of each fruit are made. Compound A is
?de, p o d & > 010 4 f ' b 4 dissolved in water to achieve a final treatment solution
incidence ( 0? and severity (0 to .) or .straw CITY, grape an concentration of 250, 50, or 10 mg/L. The fruit is dipped in
blueberry, with results summarized in Table 30. Results 4+ Compound A solution for 1 minute and allowed to dry for 1
demonstrate 100% in vivo antimicrobial control of B. hour. Fruit wounds are then inoculated with 30 pL of 1x10°
cinerea and P. digitatum by both Compounds A and B on per mL Penicillium expansum spore suspension (apple) or
different hosts when applied as a volatile fungicide. Penicillium digitatum spore suspension (orange). Clam-
shells are then placed in a 10.8-cup SnapWare airtight
45 container (Model #109842) and incubated for 3 days at 21°
C. After treatment, the fruit is held for an additional 3 days
Example 32 at 21° C. and then evaluated for disease incidence (mm
diameter of browning or water-soaked lesions) and pathogen
sporulation (mm diameter), with results summarized in
In order to assess the activity of Compound A as a contact 50 Table 32. Results demonstrate good in vivo antimicrobial
fungicide, an in vitro assay is developed. A 6 cm-diameter ~ control of 2 fungal pathogens on 2 different hosts when
Petri plate is used. Compound A is amended into full- applied as a contact fungicide.
trength Potato Dext A PDA) t hi final
strength Potato Dextrose Agar ( ) to achieve a fina TABLE 32
solution concentration of 10, 2, 0.4, or 0.08 mg/L,, and
15-ml. volume of solution is added to each plate. After In vivo MIC for Compound A as a contact fungicide for
I 1 ul of 1x10° L Penicilli control of Penicillium digitatum and Penicillium expansum
cooling, 1 uL of 1x10° per mL Penicillium expansum or on oranges and apples respectively.
Penicillium digitatum spore suspension is spot-pipetted into
the center of the agar. Oranges Apples
60 . . .
Plates are sealed with a paraﬁlm and placed in an incu- Compound A Water soaked ~ Sporulation Browning Sporulation
bator held at 23° C. After three days of storage, the cultures (mg'L) (mm) (mm) (mm) (mm)
are evaluated for percent growth relative to control based on Control 427 310 9.7 35
measurement of fungal colony diameter. Experimental 10 273 16.6 8.5 21
R S 50 18.8 12.0 3.7 1.6
results are summarized in Table 31. The results indicate that 65 250 17 0.4 08 05

Compound A has activity as a contact fungicide in this in
vitro assay against plant fungal pathogens.
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Example 34

In order to assess the activity of Compound A as a volatile
fungicide, an in vitro assay is developed to evaluate spore
germination. Two mL of water agar is poured in 3.5 cm Petri
plates. Compound A is dissolved in acetone to achieve a final
treatment solution concentration of 0.14, 0.07, or 0.035
mg/L. Plates are inoculated with 1 uL. 1x10° per mL Botrytis
cinerea and Penicillium expansum spore suspension. Plates
are then incubated for either one day at 0° C., five day at 0°
C., or five day at 0° C. plus an additional one or two days
at 21° C. At each time point, plates are removed and 100
spores are counted for percent germination, where germi-
nation is defined as a germ tube that has extended a distance
greater than the length of the spore. Results are summarized
in Table 33. At all three treatment concentrations and tem-
perature regimes, Compound A completely inhibits the
germination of the fungal pathogens spores tested.

TABLE 33

Percent germination of Botrytis cinerea and Penicillium expansum
spores in response to a volatile treatment with Compound A
under 4 different temperature regimes

Germination Inhibition (%)
1 5 5 day, 0° C. 5 day, 0° C.
Compound A day, day, 1 day, 2 day,
Pathogens Rate (mg/L) 0°C. 0°C. 21° C. 21° C.
B. cinerea 0.14 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0
0.035 0.0 0.0 0.0 0.0
Control 44.8 98.7 92.2 98.4
Acetone 489 989 93.9 95.8
P. expansum 0.14 0.0 0.0 0.0 0.0
0.07 0.0 0.0 0.0 0.0
0.035 0.0 0.0 0.0 0.0
Control 0.0 1.1 12.6 30.8
Acetone 0.0 0.0 6.4 21.8
Example 35

In order to assess the activity of Compound A as a volatile
fungicide, an in vitro assay is developed to evaluate spore
germination. 3.5-cm Petri plates are filled with 2 mL of
water agar. After cooling, 1 uL of 1x10° per mL Botrytis
cinerea spore suspension is spot-pipetted into the center of
the plate. Plates are inoculated immediately prior to volatile
fungicide treatment. A Whatman #1 filter disk (Cat. No.
1001-0155) is placed, in duplicate, on the underside of a
plate lid. For determination of the minimum inhibitory
concentration (MIC), compounds are diluted in acetone, and
the appropriate amount of compound is added to the disks in
a dose dependent manner to achieve a final headspace
concentration of 142.9 to 0.07 mg/L.. The acetone is permit-
ted to evaporate for five minutes, and then the lids are placed
on the plates and sealed with parafilm. After 24 hours of
storage at 23° C., 100 spores are counted for percent
germination, where germination is defined as a germ tube
that has extended a distance greater than the length of the
spore. After counting, treatment is removed, and the plates
are resealed. After an additional 24 hours, 100 spores are
again counted. Plugs are then transferred to a clean plate
containing full-strength PDA and allowed to incubate at 23°
C. for an additional three days. After incubation, mycelial
growth (mm diameter) is determined and summarized in
Table 34. After 24 hours, 100% of the control spores have
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germinated while all rates of Compound A resulted in 100%
inhibition of germination in this volatile in vitro assay. These
results show that Compound A delivers a fungicidal effect,
as opposed to a fungistatic effect, such that treated spores
fail to germinate and grow as mycelia even after the com-
pound has been removed.

TABLE 34

Spore germination and subsequent mycelial growth after
transfer to fresh media of Botrytis cinerea in response
to a volatile treatment of Compound A.

Spore germination Myecelial growth

Compound A (%) after transfer (%)
Rate (mg/L) 24 h® 24 h + 24 h® 3d°
Control 100.0 100.0 100.0
Acetone 98.4 92.7 100.0
142.9 0.0 0.0 0.0
71.4 0.0 0.0 0.0
35.7 0.0 0.0 0.0
17.9 0.0 0.0 0.0
8.9 0.0 0.0 0.0
4.5 0.0 0.0 10.1
2.2 0.0 0.0 16.9
1.1 0.0 0.0 32.6
0.56 0.0 0.0 43.3
0.28 0.0 0.0 51.3
0.14 0.0 0.0 53.8
0.07 0.0 10.0 60.3

“Spore germination determined after 24 hours treatment
bSpore germination determined after additional 24 hours after treatment removal
“Percent mycelial growth 3 days after transfer of inoculum to clean PDA plates

We claim:

1. A method of using a volatile antimicrobial compound
against pathogens affecting meats, plants, or plant parts,
comprising providing in gaseous form a volatile antimicro-
bial compound of formula (IV):

. av)
OR
o
| AN
0
/
o X

contacting a meat, plant, or plant part with an effective
amount of the volatile antimicrobial compound in gas-
eous form; and

contacting the meat, plant, or plant part with an effective
amount of a cyclopropene compound in gaseous form;

wherein A and D together with the carbon atoms to which
they are attached form a 5-; 6-, or 7-membered fused
ring which may be substituted by C,-C,-alkyl, C,-C-
alkoxy, hydroxy, halogen, nitro, nitrile, amino, amino
substituted by one or more C,-Cg-alkyl groups, car-
boxy, acyl, aryloxy, carbonamido, carbonamido substi-
tuted by C,-Cg-alkyl, sulfonamido or triffuoromethyl or
the fused ring may link two oxaborole rings;

X is a group —CR’R® wherein R7 and R® are each
independently hydrogen, C,-Cg-alkyl, nitrile, nitro,
aryl, arylalkyl or R” and R® together with the carbon
atom to which they are attached form an alicyclic ring;
and

R®is hydrogen, C,-C, ¢-alkyl, C,-C, -alkyl substituted by
C,-Cs-alkoxy, C,-Cg-alkylthio, hydroxy, amino, amino
substituted by C,-C,s-alkyl, carboxy, aryl, aryloxy,
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carbonamido, carbonamido substituted by C,-C,-alkyl,
aryl or arylalkyl, arylalkyl, aryl, heteroaryl, cycloalkyl,
C,-C,g-alkyleneamino, C,-C,s-alkyleneamino substi-
tuted by phenyl, C,-C,-alkoxy or C,-Cg-alkylthio, car-
bonyl alkyleneamino or a radical of formula (V):

V)
v o
X
/
A X

wherein A, D and X are as defined herein before except
for boronophthalide;
and agriculturally acceptable salts thereof.

2. The method of claim 1, wherein the pathogen is at least
one member selected from the group consisting of Acremo-
nium spp., Albugo spp., Alternaria spp., Ascochyta spp.,
Aspergillus spp., Bacillus spp., Botryodiplodia spp., Botryo-
spheria spp., Botrytis spp., Byssochlamys spp., Campy-
lobacter spp., Candida spp., Cephalosporium spp., Cerato-
cystis spp., Cercospora spp., Chalara spp., Cladosporium
spp., Clavibacter spp., Clostridium spp., Colletotrichum
spp., Cryptosporidium spp., Cryptosporiopsis spp., Cylin-
drocarpon spp., Debaryomyces spp., Diaporthe spp., Didy-
mella spp., Diplodia spp., Dothiorella spp., Elsinoe spp.,
Erwinia spp., Escherichia spp., Fusarium spp., Geotrichum
spp., Giardia spp., Gloeosporium spp., Glomerella spp.,
Helminthosporium spp., Khuskia spp., Lactobacillus spp.,
Lasiodiplodia spp., Leuconostoc spp., Listeria spp., Macro-
phoma spp., Macrophomina spp., Microdochium spp.,
Monilinia spp., Monilochaethes spp., Mucor spp., Mycocen-
trospora spp., Mycosphaerella spp., Nectria spp., Neofab-
raea spp., Nigrospora spp., Pantoea spp., Pectobacterium
spp., Penicillium spp., Peronophythora spp., Peronospora
spp., Pestalotiopsis spp., Pezicula spp., Phacidiopycnis spp.,
Phoma spp., Phomopsis spp., Phyllosticta spp., Phy-
tophthora spp., Polyscytalum spp., Pseudocercospora spp.,
Pseudomonas spp., Pyricularia spp., Pythium spp., Ralsto-
nia spp., Rhizoctonia spp., Rhizopus spp., Salmonella spp.,
Sclerotium spp., Sclerotinia spp., Septoria spp., Shigella
spp., Sphaceloma spp., Sphaeropsis spp., Staphylococcus
spp., Stemphyllium spp., Stilbella spp., Thielaviopsis spp.,
Thyronectria spp., Trachysphaera spp., Uromyces spp.,
Ustilago spp., Venturia spp., Verticillium spp., Vibrio spp.,
Xanthomonas spp., and Yersinia spp.

3. The method of claim 1, wherein the method comprises
a treatment selected from the group consisting of treatment
during field packing, treatment in clamshells, treatment
during palletization or after palletization, treatment in open
pallets or in wrapped pallets, treatment in tents, treatments
inside boxes with or without liners, in sea container, truck or
other container types used during transportation, and treat-
ment during storage.

4. The method of claim 1, wherein the plants or plant parts
are selected from the group consisting of asparagus, sugar
beet, barley, broccoli, cabbage, carrot, cassava, cauliflower,
celery, cucumber, eggplant, garlic, grapevine, lettuce, spin-
ach, leek, mushroom, onion, peas, pepper, bell pepper,
potato, pumpkin, rye, sweet potato, squash, tobacco, tomato,
snap bean, sorghum, sugarcane, corn, wheat, cotton, rice,
soybean, canola, fruit, vegetables, nursery, turf, flowers,
carnation, geranium, lily, orchid, rose, sunflower, ornamen-
tal flowers and ornamental crops.
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5. The method of claim 4, wherein the fruit is selected
from the group consisting of apple, avocado, banana, straw-
berry, blueberry, raspberry, blackberry, cherry, oranges,
lemon, lime, grapefruit, fig, grapes, guava, kiwifruit, mango,
nectarine, cantaloupe, muskmelon, watermelon, papaya,
peach, pear, persimmon, pineapple, and pomegranate.

6. The method of claim 4, wherein the meat is selected
from the group consisting of beef, bison, chicken, deer, goat,
turkey, pork, sheep, fish, shellfish, mollusks and dry-cured
meat products.

7. The method of claim 1, wherein the contacting com-
prises applying the volatile antimicrobial compound by a gas
treatment selected from the group consisting of release from
a sachet, release from a synthetic or natural film, release
from liner or other packaging materials, release from pow-
der, release from a gas-releasing generator, release using a
compressed or non-compressed gas cylinder, release from a
droplet or droplets placed inside a box, release from a mist
or fog applied into a container and combinations thereof.

8. The method of claim 1, wherein the volatile antimi-
crobial compound has a structure of

OH OH
/ /
B B
\ \
0 or 0

9. A method of using a volatile antimicrobial compound
against pathogens affecting meats, plants, or plant parts,
comprising placing a meat, plant or plant part in a container;

introducing into the container and in contact with the

meat, plant or plant part an effective amount of a
gaseous form of a volatile antimicrobial compound of
formula (IV):

av)

ORS
. o
X
/
X

wherein A and D together with the carbon atoms to which
they are attached form a 5-; 6-, or 7-membered fused
ring which may be substituted by C,-C,-alkyl, C,-C-
alkoxy, hydroxy, halogen, nitro, nitrile, amino, amino
substituted by one or more C,-Cg-alkyl groups, car-
boxy, acyl, aryloxy, carbonamido, carbonamido substi-
tuted by C,-Cg-alkyl, sulfonamido or triffuoromethyl or
the fused ring may link two oxaborole rings;

X is a group —CR’R® wherein R7 and R® are each
independently hydrogen, C,-Cg-alkyl, nitrile, nitro,
aryl, arylalkyl or R” and R® together with the carbon
atom to which they are attached form an alicyclic ring;
and

R®is hydrogen, C,-C, ¢-alkyl, C,-C, -alkyl substituted by
C,-Cg-alkoxy, C,-C-alkylthio, hydroxy, amino, amino
substituted by C,-C,s-alkyl, carboxy, aryl, aryloxy,
carbonamido, carbonamido substituted by C,-C,-alkyl,
aryl or arylalkyl, arylalkyl, aryl, heteroaryl, cycloalkyl,
C,-C,g-alkyleneamino, C,-C,s-alkyleneamino substi-
tuted by phenyl, C,-C,-alkoxy or C,-Cg-alkylthio, car-
bonyl alkyleneamino or a radical of formula (V):
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V)
o o
\
o
/
A X

wherein A, D and X are as defined herein before except
for boronophthalide; and agriculturally acceptable salts
thereof; and

introducing into the container and in contact with the

meat, plant or plant part an effective amount of 1-meth-
yleyclopropene (1-MCP).

10. The method of claim 9, wherein the method comprises
a treatment selected from the group consisting of treatment
during field packing, treatment in clamshells, treatment
during palletization or after palletization, treatment in open
pallets or in wrapped pallets, treatment in tents, treatments
inside boxes with or without liners, in sea container, truck or
other container types used during transportation, and treat-
ment during storage.

11. The method of claim 9, wherein the plants or plant
parts are selected from the group consisting of asparagus,
sugar beet, barley, broccoli, cabbage, carrot, cassava, cau-
liflower, celery, cucumber, eggplant, garlic, grapevine, let-
tuce, spinach, leek, mushroom, onion, peas, pepper, bell
pepper, potato, pumpkin, rye, sweet potato, squash, tobacco,
tomato, snap bean, sorghum, sugarcane, corn, wheat, cotton,
rice, soybean, canola, fruit, vegetables, nursery, turf, flow-
ers, carnation, geranium, lily, orchid, rose, sunflower, orna-
mental flowers and ornamental crops.

12. The method of claim 11, wherein the fruit is selected
from the group consisting of apple, avocado, banana, straw-
berry, blueberry, raspberry, blackberry, cherry, oranges,
lemon, lime, grapefruit, fig, grapes, guava, kiwifruit, mango,
nectarine, cantaloupe, muskmelon, watermelon, papaya,
peach, pear, persimmon, pineapple, and pomegranate.

13. The method of claim 9, wherein the meat is selected
from the group consisting of beef, bison, chicken, deer, goat,
turkey, pork, sheep, fish, shellfish, mollusks and dry-cured
meat products.

14. The method of claim 9, wherein the contacting com-
prises applying the volatile antimicrobial compound by a gas
treatment selected from the group consisting of release from
a sachet, release from a synthetic or natural film, release
from liner or other packaging materials, release from pow-
der, release from a gas-releasing generator, release using a
compressed or non-compressed gas cylinder, release from a
droplet or droplets placed inside a box, release from a mist
or fog applied into a container and combinations thereof.

15. The method of claim 9, wherein the volatile antimi-
crobial compound has a structure of

OH OH
/
B B
\
0 or 0

16. A method of treating plants, or plant parts, comprising
contacting the plants or plant parts with an atmosphere
comprising an effective amount of a volatile antimicrobial
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compound in gaseous form, wherein the volatile antimicro-
bial compound is a compound of formula (IV):

av)

ORS
o
I \
0
/
A X

wherein A and D together with the carbon atoms to which
they are attached form a 5-; 6-, or 7-membered fused
ring which may be substituted by C,-Cgs-alkyl, C,-Cq-
alkoxy, hydroxy, halogen, nitro, nitrile, amino, amino
substituted by one or more C,-Cg-alkyl groups, car-
boxy, acyl, aryloxy, carbonamido, carbonamido substi-
tuted by C,-Cg-alkyl, sulfonamido or triffuoromethyl or
the fused ring may link two oxaborole rings;

X is a group —CR’R® wherein R7 and R® are each
independently hydrogen, C,-Cg-alkyl, nitrile, nitro,
aryl, arylalkyl or R” and R® together with the carbon
atom to which they are attached form an alicyclic ring;
and

R®is hydrogen, C,-C, ¢-alkyl, C,-C, -alkyl substituted by
C,-Cs-alkoxy, C,-Cg-alkylthio, hydroxy, amino, amino
substituted by C,-C,s-alkyl, carboxy, aryl, aryloxy,
carbonamido, carbonamido substituted by C,-C,-alkyl,
aryl or arylalkyl, arylalkyl, aryl, heteroaryl, cycloalkyl,
C,-C,g-alkyleneamino, C,-C,s-alkyleneamino substi-
tuted by phenyl, C,-C,-alkoxy or C,-Cg-alkylthio, car-
bonyl alkyleneamino or a radical of formula (V):

V)
v o
X
/
A X

wherein A, D and X are as defined herein before except
for boronophthalide; and agriculturally acceptable salts
thereof; and
wherein the atmosphere further comprises an effective
amount of 1-methylcyclopropene (1-MCP).
17. The method of claim 16, wherein the volatile antimi-
crobial compound has a structure of

OH OH
/ /
B B
\ \
0 or 0

18. The method of treatment of claim 16, wherein the
method comprises a treatment selected from the group
consisting of treatment during field packing, treatment in
clamshells, treatment during palletization or after palletiza-
tion, treatment in open pallets or in wrapped pallets, treat-
ment in tents, treatments inside boxes with or without liners,
in sea container, truck or other container types used during
transportation, and treatment during storage.
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